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Abstract 
Assessment of intrinsic vulnerability to groundwater contamination takes part in evaluation the groundwater 
potentiality to contamination risk. However, popular assessment methods estimate vulnerability only qualitatively 
but not quantitatively. This study aims to enhance vulnerability assessment by quantification of subjective intrinsic 
vulnerability index. Therefore, a combined approach for quantification of intrinsic vulnerability classes index 
through modeling of contaminant mass transport scenario using the Emission-Transmission-Immission (ETI) concept 
was developed. This approach resulted in quantified, objective and measurable specific vulnerability scores. A new 
contribution of this study is considering the results of specific experimental unit called ‘Diffusion Cell setup’, for 
applying the ETI concept, as a basis in modeling process for quantification. The widely applied quantitative 
assessments at present use theoretical and literature data for running the modeling software, which however can not 
describe the contaminant sorption mechanism to reach groundwater in nature. An integrated methodology was set up, 
which consists of four main steps: (1) determination of sorbed amount of nitrate as a result of mass balance analyses 
of Diffusion setup (2) utilizing of maximum sorbed amount of nitrate determined by Freundlich sorption isotherm in 
the ETI Excel Tool program (runs based on iteration concept) to determine the mean required lifetime for nitrate (of 
mineral and manure sources) to reach groundwater (3) mapping of intrinsic vulnerability using DRASTIC model and 
mapping of specific attribute; mean required lifetime for nitrate to reach groundwater, divided by depth to 
groundwater. Thereafter, the map of total required lifetime for nitrate to reach groundwater was developed and (4) 
integration between the intrinsic vulnerability maps and the resulted specific attribute map.  
Eight representative undisturbed soil samples were collected from Schwalmtal/Nettetal (part of the region Viersen, 
Germany). This study area was chosen because it is a region of intensive agriculture, reduced protection capacity to 
pollutants loaded at the soil surface and has a shallow and porous aquifer system. The existing Diffusion setup was 
optimized by creating adjustments such as neglecting the effect of advection in order to enhance nitrate sorption 
property by sandy soils. However, this effect was mainly determined by performing soil permeability tests to obtain 
the values of hydraulic head. For interpretation of sorption behavior for soils of different grain sizes, investigation of 
soil properties was performed. The concentrations of applied nitrate solutions in the experimental unit were 25, 100 
and 250 mg/L based on the amounts of added fertilizers, described in literature, of the study area. Statistics analyses 
of DRASTIC parameters maps were conducted. It is found that the highest risk of contamination is caused 
essentially by soil media. Furthermore, the map removal sensitivity analyses showed a poor correspondence between 
the sensitivity variation index and the theoretical weight for all DRASTIC parameters except depth to groundwater. 
Two modified DRASTIC approaches were configured using the sorbed ratio of each soil sample. The soil media was 
chosen for modification due to the results of map removal sensitivity analysis. More significantly, maps integration 
resulted in specific/integrated vulnerability maps display new vulnerability classes of quantified scores. As final 
results, specific vulnerability maps of quantified index for nitrate contaminant were developed for 
Schwalmtal/Nettetal. The developed method of quantification is generally applicable for vulnerability assessment to 
contamination of shallow groundwater as long as the maximum sorbed amount of contaminant and other essential 
hydrogeological input data for ETI Excel Tool program are available.  
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Kurzfassung 
Die Beurteilung der intrinsischen Vulnerabilität hinsichtlich einer Grundwassersverschmutzung ist Teil der 
Einschätzung des Risikos einer Grundwasserkontamination. Allerdings schätzen die bisher üblichen  
Beurteilungsmethoden für die Vulnerabilität diese nur qualitativ und nicht quantitativ ab. Diese Studie zielt darauf 
die Beurteilung der Vulnerabilität zu verbessern, indem subjektive, intrinsische Vulnearbilitätsindizes quantitativ 
beschrieben werden. Dazu wird ein kombinierter Ansatz zur Quantifizierung der intrinsischen Vulnerabilitätsklassen 
entwickelt, bei dem das Emission-Transmission-Immission (ETI) Konzept als Modell des Schadstofftransportes 
angewendet wird. Dieser Ansatz führt zu quantifizierten, objektiven und messbaren Klassen der spezifischen 
Vulnerabilität. Ein neuer Beitrag der Studie ist die Einbeziehung der Ergebnisse von Versuchen mit einer 
spezifischen, experimentellen Einheit, ‘Diffusions Zelle’ genannt, bei der Anwendung des ETI Konzepts als 
Grundlage des Modellierungsprozesses der Quantifizierung. Die häufig verwendeten, quantitativen Ansätze nutzt 
zurzeit lediglich theoretische und aus der Literatur stammende Daten im Modell, welches jedoch nicht in der Lage 
ist, die Mechanismen der Schadstoffsorption bis zu dem Erreichen des Grundwasser zu beschreiben. Eine integrierte 
Methodik, die aus vier Hauptteilen besteht: (1) Bestimmung der adsorbierten Menge an Nitrat durch die Analyse der 
Massenbilanz mittels Diffusionszelle (2) Verwendung des Wertes der maximalen Mengen an adsorbierten Nitrat, der 
anhand der Freundlich- Isotherme mittels des ETI Tools basierend auf einem iterativen Konzept bestimmt wurde, zur 
Bestimmung durchschnittlich benötigte Zeit, die Nitrat (aus mineralischen und künstlichen Quellen) benötigt bis zum 
Erreichen des Grundwassers (3) Ermittlung der intrinsischen Vulnerabilität unter Nutzung des DRASTIC Modells 
und Bestimmung der spezifischen Attribute: durchschnittlich benötigte Zeit bis Nitrat das Grundwasser erreicht, 
unterteilt nach den verschiedenen Grundwassertiefen. Danach wurde eine Karte für die gesamt benötigte Zeit, die 
Nitrat braucht, bis es das Grundwasser erreicht, erstellt (4) Integration der Karten der intrinsischen Vulnerabilität mit 
den resultierenden spezifischen Attribut-Karten wurde aufgebaut. 
Acht repräsentative, ungestörte Bodenproben wurden aus der Region Schwalmtal/Nettetal (Teil des Kreises Viersen, 
Deutschland) gesammelt. Das Untersuchungsgebiet wurde gewählt, da dort intensiv Landwirtschaft getrieben wird, 
die Schutzkapazität des Bodens gegen Schadstoffe reduziert und der Grundwasserleiter oberflächennah und porös ist. 
Die bereits existierende Diffusionszelle wurde durch Justierungen optimiert, wobei durch die Vernachlässigung der 
Advektionseffekte die Nitratadsorption der sandigen Böden optimiert wurde. Der vernachlässigte Effekt wurde durch 
Durchlässigkeitsversuche bestimmt, wodurch die Werte für die hydraulische Druckhöhe ermittelt wurden. Für die 
Interpretation des Adsorptionsverhaltens der Böden mit unterschiedlichen Korngrößen wurden die 
Bodeneigenschaften untersucht. Die Konzentrationen der im Versuch angewendeten Nitratlösungen betrugen 25, 100 
und 250 mg/L, welche basierend auf den in der Literatur vorzufindenden Werten für die Düngung in der Region 
gewählt wurden. Eine statistische Analyse der Karten der DRASTIC- Parameter wurde durchgeführt. Diese ergab, 
dass das höchste Verschmutzungsrisiko durch den Parameter „Bodenmedium“ bestimmt wird. Weiterhin zeigt die 
Sensitivitaetanalayse, in der einzelne Parameter aus der Berechnung entfernt werden, eine geringe Übereinstimmung 
zwischen dem Index der Variation der Empfindlichkeit und den theoretischen Werten für alle DRASTIC- Parameter, 
mit Ausnahme der Grundwassertiefe, auf. Zwei modifizierte Ansätze der DRASTIC Methode wurden unter 
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Berücksichtigung der Beladungsrate jeder Bodenprobe konfiguriert. Das Parameter „Bodenmedium“ wurde aufgrund 
der vorherigen Ergebnisse für die Modifikation ausgewählt. Die Integration der Karten resultierte in spezifischen/ 
integrierten Vulnerabilitätskarten, die neu ermittelte Vulnerabilitätsklassen auf der Basis von quantifizierten 
Ergebnissen darstellen. Als Endergebnis wurden spezifische Vulnerabilitätskarten des quantifizierten Index der 
Nitratverschmutzung für die Schwalmtal/Nettetal-Region erstellt. Die entwickelte Methode der Quantifizierung ist 
generell anwendbar zur Beurteilung der Vulnerabilität flacher Grundwasserleiter gegen Verschmutzung, sofern die 
maximal adsorbierte Menge an Schadstoff und andere wichtige hydrogeologische Daten als Eingangswerte für das 
ETI Tool zur Verfügung stehen. 
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1 Introduction 
1.1 Statement of the Problem 
The pollution of surface and groundwater caused by diffuse sources, such as agriculturally derived nitrate, can pose 
risks to human health and environment. It is estimated that in North Rhine-Westphalia federal state (NRW), 
Germany, more than 70 % of nitrates in natural waters are derived from agricultural land. Therefore, the EU drafted 
the 1991 nitrate Directive (91/976/EC) which required member states to set measures to reduce nitrate from 
agricultural source throughout their whole territory or at least to target these measures within areas vulnerable to 
nitrate pollution known as Nitrate Vulnerable Zones (NVZs) (Brebbia, 2010). Other mandatory national regulations 
were applied such as fertilizer regulation based on nitrate directive, plant protection application regulation, drinking 
water regulation and protected areas and countervailing regulation. The aim of these directives and regulations is to 
protect public water supplies in areas of high and/or rising nitrate levels and also to analyse the effect of the change 
in farming practices corresponding to nitrate levels in groundwater. Getting policy of protection the groundwater 
from excessive nitrate achieved is by ensuring that farmers kept detailed records on all fertilizers and manure 
applications within certain timespan to their fields and that nitrate applications did not exceed the crop requirements 
(Lake et al. 2010). Urgent measures are required to reduce nitrate contents in groundwater and it is necessary to 
investigate the fate of nitrate in the soil and groundwater. 
 
However, many hydrogeochemical investigations concerning nitrate reported that the areas of the ‘Niederrheinische 
Tiefebene’ (NRW lowlands) are intensively used for agricultural production with high input of nitrate in the near-
surface aquifers restricts the pumping of groundwater (Maeurer and Wisotzky, 2008). The supply of drinking water 
in NRW lowlands is mainly provided from groundwater. As a result of simultaneous use of these lowlands, which 
are locally located at small average depth to groundwater table, for agricultural purposes, rapid penetration of nitrate 
to the near-surfaces aquifers is possible (MUNLV and LUA, 2003). For the period 1997-2001, in order to determine 
the nationwide distribution of nitrate concentration in groundwater, 16 % of monitoring stations in NRW showed 
nitrate concentrations above the limit of drinking water regulations (in German Trinkwasserverordnung) TVO (2001) 
of 50 mg/L (MUNLV and LUA, 2003). Most significantly, in the region of Viersen, a strong nitrate contamination 
above 100 mg/L and locally concentration exceeds of 200 mg/L is faced. Furthermore, the nitrate concentrations in 
groundwater in NRW remain at the same range in average during the period of 1990-2013 (LANUV, 2015). 
 
A high nitrate contamination of groundwater can be expected in all regions with intensive agriculture use of the 
topsoil. The nitrogen compounds which can be taken up by plants are ammonium and nitrate. These nitrogen 
compounds are applied in agriculture in the form of mineral fertilizers and/or fertilizers produced on farms, e.g., 
liquid manure or stable manure. In order to ensure maximum yields, crops must be supplied with sufficient quantities 
of nitrogen at every stage of growth. However, for economic reasons in current agricultural practice, excessive 
nitrogen is often added to the soil more than which can be removed from the soil when harvesting the crops. The 
excess nitrogen which is not taken up by the plants remains largely in the soil, especially in the form of nitrate. Since 
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nitrate compounds are readily water soluble and do not interact effectively with soil body, it can be washed off the 
root zone very easily and end up in the groundwater together with the percolation water (Wendland et al. 1994). 
More degradation of nitrate can occur due to the lack of free oxygen, as long as iron sulfide compounds and/or 
organic carbon are available in the aquifer. 
1.2 Motivation 
Groundwater is considered as the major source of drinking water in NRW of 44 %, and 2 %, 22 %, 13 % and 19 % 
from springs, enriched groundwater, bank filtrated water and surface water, respectively (LANUV, 2014b). More 
than 52 % of groundwater aquifers in Germnay show high concentrations of nitrate. The dominant source of nitrate 
contamination is caused by agricultural land use, particularly vegetables cultivation contributes as non-point sources. 
NRW witnesses high level of agricultural activities and urbanization, however, just 416 out of 757 are in protected 
drinking water zones; 396 groundwater protected locations and 20 locations of surface water. Further future plans 
intend to add 333 and 8 locations of groundwater and surface water, respectively, within the drinking water protected 
zones (LANUV, 2014b).  
 
Vulnerability assessment has been generally recognized for its ability to delineate areas that are more likely than 
others to become contaminated as a result of anthropogenic activities at/or near the earth’s surface. Intrinsic 
vulnerability and specific vulnerability are two terms related to vulnerability assessment. Thus the intrinsic 
vulnerability deals only with the hydrogeological setting and does not include pollutant attenuation. However, 
specific vulnerability is used to define the vulnerability of groundwater to a particular contaminant (Daly et al. 2002). 
Nitrate is an imprint contamination parameter to assess the impact of agriculture and irrigation effluents upon 
groundwater quality (Secunda et al. 1998). 
 
The study area Schwalmtal/Nettetal, part of the region Viersen in NRW, Germany, was chosen because it is a region 
of intensive agriculture and reduced protection capacity to pollutants loaded at the soil surface. Particularly, in the 
region of Lower Rhine basin and the border between North Rhine-Westphalia and Netherlands, dense occurence of 
measuring points indicating nitrate contamination above 50 mg/L is determined (figure 1.1). As a result of high 
nitrate concentrations in groundwater monitoring stations in many places, groundwater extraction is shifted to deeper 
aquifers. With the extraction of groundwater from deeper levels, an increase of the vertical hydraulic gradient occurs 
and in consequence the shallow groundwater moves to the deeper area. This may lead to changes in the 
hydrochemical characteristics of the deep aquifer. More significantly, the aquifers in the study area are characterized 
as porous system. 
The area of Schwalmtal/Nettetal witnesses an extensive agricultural activity accompanied by adding the nitrogen-
based fertilizer. Only a fraction of the nitrogen-based fertilizers is actually adsorbed by the plant for growth 
enhancement. The remainder accumulates in the soil or lost as runoff. High application rates of nitrogen-containing 
fertilizers combined with the high water-solubility of nitrate leads to increased runoff into surface water as well as 
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leaching into groundwater. The excessive use of nitrogen-containing fertilizers is particularly damaging, as much of 
the nitrogen that is not taken up by plants but is transformed into nitrate which is easily leached.  
 
 
Figure 1.1: Nitrate concentration of groundwater and raw water monitoring stations in the upper aquifer of North 
Rhine-Westphalia (NRW) for the period 1997-2001 (LANUV, 2014a). 
Nitrate levels above 10 mg/L (10 ppm) in groundwater can cause ‘blue baby syndrome’ (acquired 
methemoglobinemia). The nutrients, especially nitrates, in fertilizers can cause problems for natural habitats and for 
human health if they are washed off soil into watercourses or leached through soil into groundwater. The addition 
rate of nitrogen fertilizer in the study area is approximately 8859.6 mg/m2. Based on values of infiltration rates and 
thickness of the unsaturated zone in the study area, the pertaining leached nitrate concentration for the locations of 
studied samples is around 25 mg/L (after Federal Statistical Office, Wiesbaden (DWSTATIS), 2014). These findings 
confirm the importance to evaluate the nitrate contaminant transport in Schwlamtal/Nettetal where it is suspected to 
endanger the groundwater. 
Around 70 % of the study area is covered with sandy soils with various ratios of silt for some locations. The larger is 
the grain size, the higher are the permeability and the lower attenuation capacity; consequently the greater is the 
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pollution potential (Aller et al. 1987). Accordingly, the aquifer is classified as highly vulnerable and permeable and 
the velocity of pollutant propagation increases. In addition, this area includes a lot of aquifers that are intensely used 
for drinking water purposes. 
The path length of the contaminant mass transport along with the contaminant mass added and the soil class within a 
certain time interval are important control measures in determining the behavior of attenuation processes such as 
sorption, reactivity, dispersion and the most important is the amount of contaminant flowed to the aquifer. At the 
laboratory, an approach for quantitative vulnerability assessment is used as an experimental simulating unit, called 
‘Diffusion Cell’ was applied. It works with deionized water flow and contaminant mass transport based on Flux-
Type Boundary Condition (fixed value along with the time) and soil sample of a certain characterized soil class. 
Input and output nitrate fluxes were determined and incorporated in a conceptual model under consideration of 
observation time, thickness of the relevant geological layers and amount of nitrate combined chemicals added over 
the soil surface. Consequently, the mean required lifetime for nitrate to reach groundwater, measured in hydrological 
years, as specific attribute for vulnerability assessment can be determined.  
Popular assessment methods to estimate intrinsic vulnerability of groundwater contamination constitute part of 
groundwater management. Nonetheless, these methods estimate vulnerability only qualitatively and do not yield 
specific values for potential contaminants such as nitrate. Therefore, the vulnerability indices (DRASTIC index) and 
groundwater nitrate contamination data were incorporated using Geographic Information System (GIS) technology. 
By incorporating the experimental nitrate resulted from the Diffusion Cell with XACT software and ETI Excel Tool 
program, then mapping and delineating the final results by the ArcGIS software, quantification of intrinsic 
vulnerability indices is then possible. Consequently, the vulnerability indices of DRASTIC are then objective indices 
under consideration of the configured contaminant specific attribute maps. 
Continuing to the paid attention and exerted efforts of the Federal Ministry for Education and Research in Germany 
(BMBF) in constructing framework of research projects to develop scientifically based methodology and practical 
procedures for prognosis of contamination input into groundwater, the current study is set up a combined 
methodology based experimentally on the ETI concept. This concept was firstly developed in the scope of a research 
project supported by the BMBF (Azzam and Lambarki, 2004). The ETI concept conceptualizes the contaminant 
mass transport starting from applying contaminant on the top of soil surface till reaching groundwater under similar 
natural conditions in a laboratory dimension (section 2.2.5). The ETI simulation concept requires a particular 
experimental unit to be applied. Therefore, existence of the Diffusion Cell setup only in the Department of 
Engineering Geology and Hydrology (LIH) at RWTH Aachen University provided a stronger motivation to embark 
the current study, since rarity of this experimental unit can give the current study distinction. Moreover, many 
technical problems have been found by former researches that have applied based on the ETI concept, are taken into 
account in the current study (section 4.4.2.2). More significantly, the willingness to construct a new combined 
methodology to leave a fingerprint in the popular topic of groundwater vulnerability by: 
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1. Developing a new experimental setup represented by the Diffusion Cell Setup to determine the input and 
output nitrate mass fluxes within soil specimen. The Diffusion Cell is specifically oriented for the purpose 
of contaminant mass transport prognosis researches. 
2. Quantification of vulnerability classes indices based on specific attributes determined from contaminant 
mass transport scenario which has not been applied before.  
1.3 Aims of the Study 
Clear distinction between vulnerability and risk of pollution is very important for hydrologist. This is because risk of 
pollution is not determined merely by the intrinsic characteristics of the aquifer, which are relatively static and hardly 
changeable. However, determining risk of pollution takes into consideration the existence of potentially pollution 
activities, which are dynamic factors, can be changed and controlled. Therefore, it is possible to have high aquifer 
vulnerability with no risk of pollution, if there is no significant pollutant; and to have high pollution risk in spite of 
low vulnerability, if the pollutant loading is exceptional high (Aller et al. 1987). The vulnerability maps can assist in 
the implementation of groundwater management strategies to prevent degradation of groundwater quality (Osborn et 
al. 1998). DRASTIC vulnerability maps are useful methodology which allows the pollution potential of 
hydrogeological settings of any area to be systematically evaluated. Furthermore, the relative vulnerability of an area 
to groundwater contamination can be estimated. However, intrinsic vulnerability cannot consider the effects of 
pollution type and characteristics. Accordingly, it is scientifically most sound to evaluate vulnerability in relation to a 
particular pollutant to create a specific vulnerability map. Consequently, the subjective numerical features that are 
addressed for the intrinsic vulnerability indices are being then quantified instead of being just qualitative 
descriptions. In order to achieve that, many approaches of the current study are described in the following main 
objectives: 
       1. Mapping of the intrinsic groundwater vulnerability using the DRASTIC method.  
2. Analysing of the sensitivity of DRASTIC parameters using single parameter and map removal sensitivity 
analyses. 
3. Modifying of the DRASTIC vulnerability model based on the results of sensitivity analyses to enhance its 
potentiality in groundwater vulnerability assessment by considering the contaminant behavior attribute. 
4. Determining of the soil sorption capacity of nitrate using the Diffusion Cell Setup. 
5. Determining of the proper type of sorption isotherms that can effectively describe the sorption behavior of the 
soil sample. Subsequently, the parameters of the due type of sorption isotherms are calculated. The maximum 
sorption capacity of soil (Smax) is the most significant determined parameter. 
6. Using the ETI Excel Tool model the main applied concept in the research; the ETI concept, which will be 
conceived by assigning the values of the proper hydrological parameters in addition to Smax value. This is in 
order to: 
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        6.1 Obtain the detention (delay) time for nitrate mass transport within the unsaturated zone reaching to   
groundwater (Ω). 
        6.2 Determine the amount of nitrate leached to groundwater by immission manifestation Mq (IqTotal).   
7. Delineating/mapping of the specific attributes values according to results of the ETI Excel Tool model. 
8. Quantification of DRASTIC (intrinsic vulnerability) classes index. Subsequently, numerical expression of 
each vulnerability class is determined instead of considering just linguistic terms to describe classes. 
9. Comparing the results of both kinds of vulnerabilities; intrinsic and specific by: 
        9.1 Combining the descriptive results of the intrinsic vulnerability with the quantitative and periodic results 
of the specific vulnerability.  
        9.2 Determining the percent difference between the distribution areas of intrinsic and specific vulnerability 
classes by defining the percentages of intersected distribution areas between the intrinsic vulnerability 
classes and the proper specific vulnerability classes with respect to the total required lifetime for nitrate 
to reach groundwater.  
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2 Literature Review and Theoretical Background 
2.1 Literature Review 
This unit consists of two main sections; the first one implicates numerous studies were considered as scientific base 
for this study. Most of these references were collected at the preparation phase of this work form different sources. 
These sources are represented as scientific papers either online published or as hardcopies, books Phd or master 
thieses or from competent authorities as formal published reports. The addressed previous studies in this section 
include main results, remarks and statements of the respective authors. The considered studies dispute many relevant 
topics of the current study as the nitrate source from agricultural practices, nitrate mass transport in groundwater by 
the developed concept of Emission-Transmission-Immission (ETI) concept and representing many exemplars of 
application of ETI concept. In addition to that, many literature of vulnerability classification and indices are involved 
and the DRASTIC model as a pattern of the overlay and index methods is considered. The content of the second 
section entitled ‘Theoretical Background’ will be introduced at its beginning. 
Management of soil fertility has been the preoccupation of farmers for thousands of years. Egyptians, Romans, 
Babylonians and early Germans are recorded for using minerals and or manure to enhance the productivity of their 
farms. The modern science of plant nutrition started in the 19th century and with the work of German chemist Justus 
von Liebig, among others. NPK Fertilizers and animal wastes are valuable soil amendment but when rates of 
application exceed crop nitrogen requirements, nitrate can leach into groundwater or be lost to the atmosphere. 
Anthropogenic nitrogen loading in agricultural areas is a major cause of elevated nitrate concentrations found in 
groundwater in many countries (Nolan et al.1997; Withers and Lord, 2002; Thorburn et al. 2003). Chang and Janzen 
(1996) indicated that the prediction of optimum fertilizer and manure applications rates is complicated because 
of the accumulated and repeated applied amounts of organic and inorganic nitrogen sources. At higher rates of 
manure application, appreciable amounts of nitrogen can also be lost by leaching and volatilization. In a related 
study, Kehew et al. (1996) found that groundwater quality and flow in a shallow aquifer is impacted by 
agricultural contamination. Other studies have been conducted on specific animal waste contamination problems. 
Stewart (1967) reported on nitrate contamination of groundwater in the South Platte Valley of Colorado where 
many livestock feeding operations were concentrated and groundwater contained high concentrations of nitrate 
moved toward groundwater supply areas. Miller et al. (1984) performed field and laboratory tests on infiltration 
rates, nitrate distribution and groundwater quality parameters beneath cattle feedlot runoff areas in the Texas 
High Plains. He found that infiltration of feedlot runoff and concentration of dissolved ions into groundwater seemed 
dependent on geology, depth to groundwater and difference to lateral and vertical permeabilities of underground 
formations. Gilberston et al. (1971) described runoff and nitrate movement characteristics on beef feedlots. 
Runoff quality and quantity were observed to depend on rainfall more than on the degree of slope or cattle density. 
High density lots yielded 150 percent more winter runoff than low density lots, and after one year, nitrate movement 
in soil appeared minimal. 
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Although irrigation brings many benefits to society, it can also bring problem endangering the agriculture and 
environment at the same time. In regards to that, National Research Council (1993) observed that nitrogen losses in 
runoff and leaching form crop production in 110 counties in the Ogallala aquifer. The counties with great nitrogen 
losses tended to be those that were heavily furrow irrigated and/or had large acreage of corn. Additionally, Dong-
Chan et al. (2010) examined that nitrogen contamination of groundwater by barnyard leachates. The 
concentration of nitrogen was related to direction of groundwater flow, the presence of conditions suitable for 
leaching and the actual dilution rates of the local groundwater system. Overuse of synthetic fertilizers may lead to 
nitrate export into adjacent aquatic ecosystems resulting in deteriorating water quality, eutrophication of coastal 
waters by nitrate-containing surface waters and emission of greenhouse gases into the atmosphere due to production 
of nitrite during denitrification (Haag and Kaupenjohann, 2001). Moreover, Sabol et al. (1987) described that the 
groundwater quality in Arizona and New Mexico has been deleteriously affected in deep aquifers and in shallow 
aquifers that are hydraulically connected to surface water supplies. The magnitude and time rate of groundwater 
quality changing as a function of irrigation management and practice, fertilizer and pesticide applications, quality of 
irrigation water, rate of groundwater level decline, presence of perched zones that intercept percolating water, 
proximity to surface water supplies, leakage through and along well casings and soil salinity have contributed to this.  
 
The process-based approach for assessing Groundwater vulnerability yields deterministic models that use process-
based empirical equations and/or analytical solutions (sorption isotherm models) to model the physical and chemical 
processes of infiltration, recharge, contaminant attenuation and flux in both space and time (Holtschlag and 
Luukkonen, 1996; Connell and van de Daele, 2003). Connell and van de Daele (2003) conducted a study in mass 
transport. They presented that analytical and semi-analytical solutions to the advection-dispersion equation offer the 
potential to be used in mapping aquifer vulnerability to surface-released contamination. Because of the extensive 
data required to represent subsurface processes, process-based assessments can be less rigorous at large-scale, 
regional systems, and best applied to local scale phenomena. Process-based groundwater vulnerability assessments 
have frequently targeted potential fertilizer, or targeted potential pesticide contamination at the field scale as Levy et 
al. (1998) proposed. The mineralogical, physical and hydrological properties of the contaminant have an influence on 
this assessment. The estimation of specific vulnerability for a certain contaminant through studying its attributes, 
mass transport and sorption behavior remained often without consideration. While this type of estimation is 
referenced to a specific contaminant, contaminant class or human activity, the intrinsic vulnerability assessment (for 
example the overlay and index methods) refers to vulnerability without consideration of attributes and behavior of 
particular contaminant.  
 
Always was there a necessity for more effective process-based method assessing the groundwater vulnerability as 
targeted potential of a specific contaminant able to reach groundwater (for example nitrate or heavy metals). Also an 
exigency was to obtain adequate knowledge of the transport mechanisms of diffusion, convection and sorption of 
contaminants at agricultural, industrial or disposal sites. Since there was no common testing method for the diffusion 
and sorption mechanisms, this part of transport remained without consideration. Azzam (1993) has developed a new 
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concept of a Diffusion Cell for testing of clay specimens which represented an appropriate setup. The cell has been 
used for the investigation of the behavior of different types of clay regarding the transport of ions by diffusion and 
sorption. The tests have been carried out for Illite, Kaolinite and Smectite clay specimens, which were proctor 
compacted. Different solutions of NaCl, KCl and CaCl2 have been used as permeate. Special tests to determine the 
adsorption and desorption of the clays were carried out. Furthermore, Azzam (1993) conducted investigations 
regarding influence of coagulation and dispersion on the physical and material specific properties of the clay. In 
Brief, he found a separate unit can determine the physical and physico-chemical types of transport and obtain a 
precise evaluation of the tightness of the mineral sealing materials and geological barriers. 
 
Mann (1993) developed a test device (DKS permeameter), by which the material parameters (K values, diffusion and 
distribution coefficient) with consideration of loads can be determined. Upmeier (1996) and Roehl (1997) used 
diffusion cell according to the two-chamber principle. Diffusion cell developed by Mann (1993) and Upmeier (1996) 
corresponds nearly to the Diffusion Cell developed by Azzam (1993). Other experiments for intermittent and 
stationary regime was done by Schick and Wunsch (1994), Rowe et al. (1995), Barone et al. (1989), Oscarson 
(1994), Young et al. (1992) and Klotz (1990). 
 
Hamad (2003) performed his research on the geotechnical and mass transport characteristics of zeolite. He used it as 
sealing material within the Diffusion Cell Setup. He indicated that the mass transport in landfills with clay liner is 
significantly controlled by diffusion processes. Regarding the evaluation criteria ‘permeation rate and retention 
period’ and the interdependence of the pollutants in the solute, the diffusion processes are complex. He dealt during 
his research with diffusion processes for different pollutants and retention abilities of many sealing materials 
considering real conditions in a landfill. In addition, he developed new sealing materials consisted of mixed-grained 
soils (gravel-sand-silt-mixture with zeolite and bentonite as additives). He performed the diffusion tests under 
consideration of real conditions lasting for more than 800 days. Test data were analysed by self-developed numerical 
model (Code IDENT). He observed that the diffusive permeation rate of one pollutant is influenced by impact of 
other pollutants dissolved in the same solution depending on the initial concentration. In addition to that, the 
permeation rate of the investigated heavy metals Zn, Cd, Pb, and Cu were clearly decreased. He also remarked that 
the retention of sealing materials considering the landfill real conditions is controlled by diffusion processes and can 
be acquired just by diffusion test. The retention can be fit best by comparison of the permeation rates entering the 
specimen that was composed inside the Diffusion Cell. However, he confirmed that sorption determined by batch 
tests or shaking tests is not eligible to describe physical-chemical process and quantity of really retarded pollutants 
by sealing materials.  
 
A new apparatus for measuring unsaturated soil-water characteristics curve and diffusion coefficient was developed 
by Badv and Faridfard (2003) which can be used for getting the data at any degree of saturation on the same soil 
sample in a single suite of tests. 
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Lambarki (2006) developed a natural evaluation procedure for the risk assessment of suspected contaminated areas 
and recycling materials as a contribution to groundwater protection. He carried out the procedure to prognosticate the 
contaminant transport of heavy metals (Ni, Cu, Zn, and Pb) by infiltrated water which is in turn considered as the 
contaminant input into the groundwater. He proofed the transport parameters in the unsaturated zone by what he 
called as Transmission cell (in the current study called Diffusion Cell) that simulate the transport processes in soil in 
one test setup considering advection, diffusion and retardation. Particularly, he aimed from the test to define the 
advective and diffusive behavior and sorption kinetics of soils for heavy metals. He sat up the Transmission Cell 
according to the Emission-Transmission-Immission (ETI) Concept and conducted batch tests to validate the 
transmission characteristic of the Transmission Cell. Thereafter, he defined the mass or material balance entering and 
leaving the Transmission Cell through the mass flow which might have been before unknown. 
 
Remya (2006) predicted the effect of organic matter and solute concentration on nitrate sorption using the Diffusion 
Cell test. Knowing the sorptive behavior of nitrate is useful in predicting the appropriate application rate of 
nitrogenous fertilizers and its mobility in soil. She stated that nitrogen is arguably one of the most important, yet 
most difficult to manage crop nutrients, with potentially serious health and environmental impacts. She performed 
batch experiments using three soil samples of varying organic matter content. She calculated the adsorptive rate from 
the kinetic studies and found that equilibrium data are best fit to Langmuir and Freundlich isotherms. However, 
Langmuir equilibrium model was able to explain the deviation in nitrate sorption at definite concentrations and to 
define the maximum specific adsorption capacities for different soils. For proofing the leaching behavior of the soil, 
she conducted the Diffusion Cell test. She concluded that the diffusion coefficient decreased with increase in organic 
matter content. Comparatively to the Diffusion Cell results, she observed that the sorption quantity determined by 
batch test was higher in soil with higher organic matter content. In other words, the effect of organic matter was 
more predominant in batch test than diffusion cell test. However, Remya (2006) could not obtain an accurate 
interpretation of nitrate desorption data due to the occurrence of hysteresis which resulted from possible interplay of 
several processes. 
 
Afterwards, Aljazzar (2010) adjusted the DRASTIC vulnerability index in order to assess the groundwater 
vulnerability to nitrate. He utilized the ETI concept to assess the groundwater vulnerability to nitrate in a part of the 
Venlo Block in the Northwestern of North Rhine-Westphalia in Germany. He noted from the final DRASTIC 
vulnerability map that more than 65 % of the study area can be classified to have high to very high groundwater 
vulnerability. The sensitivity analyses he conducted pointed out that groundwater recharge and the impact of vadose 
zone are the most two parameters which had the greatest influence on the groundwater vulnerability. Aljazzar (2010) 
demonstrated that the combined use of the DRASTIC index and the ETI model is an effective method for 
groundwater pollution risk assessment. The nitrate retardation assessment in different soils was evaluated using the 
Advection-Diffusion (AD) Cell. He observed that the amounts of nitrate sorbed in soils was depending on the grain 
size distribution and the organic matter content and were ranging from about 10 % in sandy soils to 60 % in clayey 
soils of the total added amount of nitrate. The retardation parameter of nitrate in different soils was also estimated 
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based on the Advection-Diffusion results which were validated by the analytical solution of the convective-
dispersive solute transport equation. Aljazzar (2010) obtained small amounts of the output nitrate flux in the case of 
fine-texture soil samples. This case urged him to use the analytical solution of the latest equation to compute more 
efficiently and validate his results. The retardation parameter was integrated in the DRASTIC index, and then 
adjusted vulnerability maps were produced. As a result, the incorporated retardation factor in DRASTIC index 
reduced the vulnerability values. He concluded that the standard DRASTIC index has overestimated the groundwater 
vulnerability to nitrate pollution and using the Advection-Diffusion Cell based on the ETI concept produced more 
reliable vulnerability maps after considering nitrate sorption and retardation in soil. Forming microbial films over the 
surface layer of many soil samples inside the Advection Diffusion Cells was a kind of difficulty faced the researcher 
(section 5.1) in the current study. This case occurred during certain sorption phases and caused a hysteresis 
phenomenon and consequently underestimating for the maximum sorption capacity of the analysed soils. Figure 
(2.1.a and b) represents the setup development of the Diffusion Cell and Advection-Diffusion Cell during the Period 
of 1993-2010. 
 
Another technique has been extensively used, to identify the nitrogen sources and transformation pathways in 
hydrologic studies, is the stable isotopic composition of nitrate (Kendall, 1998; Kendall et al. 2007; Aravena and 
Mayer, 2010). When nitrate behaves conservatively, delta 15N values can be used to determine the sources of 
nitrate. However, processes such as nitrification and denitrification can proceed with significant nitrogen isotope 
fractionation compromising source apportionment approaches using only delta 15N. Wassenaar (1995) successfully 
identified sources of nitrate in groundwater in an agricultural area in western Canada using the dual stable isotope 
approach confirming lack of denitrification resulting in considerable increases in nitrate concentrations.  
 
Mathematical models of groundwater and chemical movement in soils are being used as decision aids for defining 
groundwater protection practices for superfund sites (United States Environmental Protection Agency (U.S. EPA), 
1994). Numerous transport models exist for predicting movement and degradation of hazardous chemicals through 
soils. Although many of these require input parameters including many uncertainties due to soil variability and 
unknown future weather conditions. Model users need to understand the need for incorporating of uncertainty of 
model predictions for decision making. The sensitivity and uncertainty of model output due to uncertain input 
parameters will be paramount. 
 
The concept of groundwater vulnerability is based on the assumption that the physical environment may provide 
some degree of protection to groundwater against the natural and human impacts, especially with regard to 
contaminants entering the subsurface environment. The term ‘vulnerability of groundwater to contamination’ 
was introduced by French hydrologist J. Margat in the late 1960s. The idea of describing the degree of 
vulnerability of groundwater to contaminants as a function of hydrological conditions by means of maps was 
conceived to show that the protection provided by the natural environment varies at different locations. 
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      Figure 2.1.a: Schematic diagram of the Diffusion Cell (after Azzam 1993). 
     *: Hamad (2003) and Remya (2006) worked with same setup installed by Azzam (1993).  
 
 
   Figure 2.1.b: Schematic diagram of the Advection-Diffusion Cell (after Aljazzer, 2010). 
   Figure 2.1: Setup development of the Diffusion Cell and Advection-Diffusion Cell by researchers at the         
Department of engineering Geology and Hydrogeology at RWTH Aachen University during the period 1993-
2010. 
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Nolan et al. (1997) illustrated that nitrate contamination of groundwater can occur in predictable patterns as 
developed by the U.S. Geological Survey’s. Compiled information in a national map showed patterns of risk 
contamination of groundwater. Areas with high nitrogen input and well drained soils ration showed the highest 
potential for contamination of shallow groundwater by nitrate.  
 
The vulnerability maps configured by the overlay methods are very common. The simplest overlay method was used 
by Pettyjohn et al. (1991) for evaluating the potential for groundwater contamination. They developed their method 
specifically for the U.S. EPA’s Underground Injection Control Program, but indicted that the ‘products are equally 
valuable to assess the potential for groundwater contamination from other surface or near surface sources’. Their 
vulnerability assessment is based solely on a geologic classification of surficial and relatively shallow aquifers. 
Pettyjohn et al. (1991) also evaluated aquifer sensitivity by including population density as an additional factor. 
Overlay methods are commonly used for vulnerability assessments at state level or very widespread areas. For 
example, McKenna and Keefer, (1991) and Berg and Kempton, (1988) conducted a study in Illinois and Hoyer and 
Halberg (1991) in Iowa. They developed GIS-based maps using overlay methods with an emphasis on geology and 
the key attribute was assessing vulnerability. Moreover, in Lebanon, Margane (2012) configured groundwater 
vulnerability maps for a catchment area of 406 km2.  
 
In contrast to simple overlay methods, index methods were composed to assign a numerical value to each attribute 
based on its magnitude or qualitative ranking. Each attribute, in turn, is assigned a relative importance or weight 
compared to the other attribute. A consequence of experts may be solicited to determine the relative weights assigned 
to different attributes and the numerical values assigned to different values of each attribute. The weighted-attribute 
ratings are summed to obtain an overall numerical score for groundwater vulnerability. These numerical scores are 
used to group similar areas into classes or categories of vulnerability (e.g., low, medium and high) displayed on a 
map. Some methods multiply the numerical scores or values assigned to the attributes together rather than adding 
them (Back et al. 1984).  
 
Furthermore, Chung and Fabbri (2001) presented vulnerability scores based on the developed classification scheme. 
In this method, vulnerability indices are classified based on a fixed interval of area percentage in the study area. The 
vulnerability index values are first sorted in a descending form and then the vulnerability indices corresponding to 
each 5 % of the total number of pixels in the study area are taken as thresholds for the classification. Colours are 
assigned to the ranges of the subsequent percentages of pixels. The cool colours (shades of blue) indicate ‘Low’ 
vulnerability, the shades of green indicate ‘Moderate’ vulnerability while the warm colours (shades of red) indicate 
‘High’ vulnerability. Because this representation demonstrates the results without imposing arbitrary thresholds, it is 
considered free of subjectivity and useful in comparing results from different areas or vulnerability models. 
Sundry types of indices have been developed for groundwater vulnerability assessments. The DRASTIC index (Aller 
et al. 1987) is the best example of these methodologies. Table (2.1) shows various examples of overlay and index 
methods. Babiker et al. (2005) pointed out that the rated DRASTIC parameters were first evaluated for 
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interdependence and variability. Their contribution aimed in estimating aquifer vulnerability by applying the 
DRASTIC model as well as utilizing sensitivity analyses to evaluate the relative importance of the model parameters 
for aquifer vulnerability Gifu Prefecture, Central Japan. In addition to that, the combined use of the DRASTIC and 
geographical information system (GIS) as an effective method for groundwater pollution risk assessment is 
demonstrated. The hydrological settings in the study area were characterized and the aquifer vulnerability was 
evaluated. The vulnerability classes were stated and the integrated vulnerability map, showing the high risk imposed 
on the eastern part of the aquifer due to the high pollution potential of intensive vegetable cultivation, was composed. 
The more vulnerable western part of the aquifer is, however, under a lower contamination risk. In Gifu Prefecture, 
land use seems to be a better predictor of groundwater contamination by nitrate. Net recharge parameter inflicted the 
largest impact on the intrinsic vulnerability of the aquifer followed by soil media, topography, vadose zone media 
and hydraulic conductivity. According to Rosen (1994), the independency of DRASTIC parameters decreases the 
probability of misjudgment. In fact, most of the DRASTIC parameters are naturally closely related. 
 
Table 2.1: Various examples of overlay and index methods. 
Overlay and Index 
Methods 
Reference 
Kansas 
Leachability Index 
Kissel et al. (1982) 
DRASTIC Aller et al. (1987) 
California Hotspots Chen and Druliner (1988) 
Washington Map 
Overlay 
Vulnerability 
Sacha et al. (1987) 
SEEPPAGE Moore (1988) 
Iowa Ground Water 
Vulnerability 
Hoyer and Hallberg 
(1991) 
EPA/UIC Pettyjohn et al. (1991) 
GLA Neukum et al. (2008) 
 
National Research Council (1993) remarked that vulnerability may be assessed on the basis of the prediction of the 
arrival of a contaminant at the water table or at some location within the groundwater system, such as a well or the 
interface between groundwater and surface water. Although the water table is used as the reference location in many 
methods, the potential for contaminants to move elsewhere in an aquifer should also be considered. Important 
considerations include recharge zones and discharge zones have to be composed in the assessment process. The 
council presented an example; the vulnerability assessed using the water table as the reference location may be 
greater at discharge zones than at recharge zones because the water table is shallower in discharge zones, whereas the 
potential for contaminants to migrate farther in the groundwater system once they arrive at the water table may be 
significantly greater at the recharge zones. To meet the right judgment whether the zones are recharge or discharge 
Literature Review and Theoretical Background 
15 
 
 
 
and whether the groundwater moves horizontally or substantially downward below the water table are valuable data 
and expensive to be collected in each vulnerability assessment process. Consequently, the term ‘uncertainty’ of 
groundwater vulnerability assessment rises up to emphasize the impossibility to formulate a universal technique for 
predicting vulnerability that considers all of the ways in which contamination occurs.  
 
Gottsegen et al. (1999) reported that uncertainty considered any aspect of the data that results in less than perfect 
knowledge about the phenomenon being modeled. Loague et al. (1996) recommended that GIS-generated 
groundwater vulnerability maps would not be useful in the decision management arena (for regulatory policy) until: 
(1) model and data uncertainties were incorporated into the assessment and (2) non-subjective criteria were 
established. Uncertainty analysis has only received primarily cursory attention and application within the field of 
groundwater vulnerability (Holtschlag and Luukkonen, 1996; Madl-Szoni and Fule, 1998; Freissinet, et al. 1999). 
Uncertainty in vulnerability assessments has most commonly been addressed through the use of probabilistic 
methods, where the vulnerability or risk of contamination is expressed as a probability, as within the logistic 
regression method (Teso et al. 1996; Nolan, 2001; Rupert, 2003). Heuvelink et al. (1989) advocated the view that 
like these methods have incorrectly ascribed all uncertainty within these calculated probabilities of vulnerability. 
Most frequently, data used to calculate these probabilities is imperfectly known because of spatial extrapolation 
techniques used within GIS to create spatially available explanatory data. Vulnerability probabilities that are 
calculated based on interpolated GIS data sets are inherent uncertain. Furthermore, no published groundwater 
vulnerability maps have explicitly delineated uncertainty of the vulnerability estimates. If vulnerability maps are to 
be used for decision making, the quality of the data, particularly from GIS, must be judged in terms of the reliability 
of the input data and the confidence limits that can be associated with end product. 
 
Key elements to consider uncertainties of the vulnerability approaches are the sensitivity analyses (Beaujean, et al. 
2013). Sensitivity analyses indicated that the removal of net recharge, soil media and topography causes large 
variation in vulnerability index. Moreover, net recharge and hydraulic conductivity were found to be more effective 
in assessing aquifer vulnerability than assumed by the DRASTIC model (Babiker at al. 2005).  
2.2 Theoretical Background 
In this section, the main subjects that create the fundamental structure of the current study are introduced and deeply 
dicussed. Multidisciplinary, relevant and composite topics explain all processes considered to achieve the main 
prospective aims. The main topics involved in this section are; illustration of the overall cycle of nitrogen in nature, 
internal nitrogen cycle exists in soil that is distinct from the overall cycle of nitrogen but that interfaces with it and 
fertilizer nitrogen taking into account that it is considered in this study experimentally the mineral fertilizer nitrogen. 
However, information of application the manure fertilizer nitrogen in the study area were considered from literatures. 
Furthermore, Contaminant transport processes control the extent to which nitrate moves in groundwater depending 
on its behavior in relation to these processes (diffusion, advection, mechanical dispersion, hydrodynamic dispersion, 
Density/Viscosity differences, Osmotic potential, facilitated transport) and other processes that serve to retard 
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contaminant movement like sorption, filtration, precipitation and transformation) are discussed. Moreover, a 
developed expression named ETI concept represents most of the former mentioned natural processes occur for 
solutes and particularly for nitrate, its mathematical relations and how it is likely to be experimentally applied by an 
object called the Diffusion Cell, are illuminated. The results of this experimental setup will be utilized to calculate 
the specific vulnerability classes in the stud area. The last part of this section discusses the vulnerability of 
groundwater to contamination. The DRASTIC model that is considered as a tool to represent the intrinsic 
vulnerability is also embodied in addition to illustration of its seven hydrological parameters and the rating score 
system used in mapping these parameters to create the final DRASTIC vulnerability map of different indices. 
2.2.1 Nitrogen Cycle  
Nitrogen is an important constituent of the four recognized spheres of the earth, namely, the lithosphere, atmosphere, 
hydrosphere, and biosphere. The original source of combined nitrogen in soils is the atmosphere. The nitrogen cycle 
in soil is an integral part of the overall cycle of nitrogen in nature. The source of the soil nitrogen is the atmosphere, 
where the strongly bonded gaseous molecule (N2) is the predominant gas (79.08 % by volume of the gases). The 
significance of nitrogen arises from the fact that, after carbon, hydrogen and oxygen, no other element is so 
intimately associated with the reactions carried out by the living organisms. The cycling of other nutrients, notably 
phosphorus and sulphur, is closely associated with biochemical nitrogen transformations. 
Although considered as a sequence, a ‘nitrogen cycle’ (figure 2.2) as such does not exist in nature (Stevenson, 
1977). Rather, any given nitrogen atom moves from one form to another in an irregular or random fashion. Also, the 
soil contains an internal cycle that is distinct from the overall cycle of nitrogen but interfaces with it. The internal 
cycle of nitrogen in soil is described in section (2.2.2). 
Grains in soil nitrogen occur through fixation of molecular N2 by microorganisms and from the return of ammonia 
(NH3) and nitrate (NO3-) in rainwater; losses occur through crop removal, leaching, and volatilization. The 
conversion of molecular N2 to combined forms occurs through biological N2 fixation. Organic forms of nitrogen, in 
turn, are converted to NH3 and NO3- by a process called mineralization. The conversion to NH3 is termed 
ammonification. The oxidation of this compound to NO3- is termed nitrification. The utilization of NH3 and NO3- 
by plants and soil organisms constitutes assimilation and immobilization, respectively. Combined nitrogen is 
ultimately returned to the atmosphere as molecular N2, such as through biological denitrification, thereby 
completing the cycle (Hardy and Gibson, 1977). 
Not all transformations of nitrogen in soil are mediated by microorganisms. Ammonia and nitrite (NO2-), produced 
as products of the microbial decomposition of nitrogenous organic materials, are capable of undergoing chemical 
reactions with organic substances, in some cases leading to the evolution of nitrogen gases. Through the association 
of humic materials with mineral matter, organo-clay complexes are formed whereby the nitrogen compounds are 
protected against attack by microorganisms. The positively charged ammonium ion (NH4+) undergoes substitution  
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Figure 2.2: The Nitrogen cycle in soil (Stevenson, 1977). 
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Figure 2.3: Soil nitrogen transformations and components of crop residues and soil organic matter (Frissel and Van 
Veen, 1978). 
reactions with other cations of the exchange complex, and it can be fixed by clay minerals. The basic feature of 
biological nitrogen transformations centers on oxidation and reduction reactions (figure 2.3). Typical oxidation states 
are -3 for NH3, +3 for NO2-, and +5 for NO3-. Other compounds have intermediate values (N2=0). 
The major contributors to the total soil nitrogen are Histosols (28.7 x 1012 kg, or more than 10 % of the total) 
(Havelka et al. 1982). An average of 10 % of the nitrogen in the mineral soils was assumed to occur as clay-fixed 
NH4+. According to Rosswall (1982) about 95 % of the nitrogen that cycles annually within the pedosphere (outer 
most layer of the earth) interacts solely within the soil-microbial-plant systems. On this basis only 5 % of the total 
flow is concerned with exchanges to and from the atmosphere and hydrosphere. The average mean detention time for 
nitrogen in soils has been estimated in the range of 175 years. Some components are up to 1000 years or more. 
Nitrogen has a unique position among the elements essential for plant growth because of the rather large amounts 
required by most agricultural crops. A deficiency of nitrogen is shown by yellowing of the leaves and by slow and 
stunted growth. Major roles of nitrogen in plant nutrition include: (1) component of chlorophyll (2) component of 
amino acids (3) essential for carbohydrate utilization (4) component of enzymes, vitamins and hormones (5) 
stimulative of root development and activity and (6) supportative to uptake of other nutrients (Olsen, 1972). 
Nitrate is the main form of nitrogen taken up by most crop plants. The first step in NO3- utilization by plants is 
reduction to the NH3 form. 
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                                                      NO3- + 2e-                                             NO2- 
                                                      NO2- + 6e-                                             NH3 
Reduction of NO3- to NO2- the rate-limiting step in the transformation is catalyzed by nitrate reductase, a 
metaloprotein containing iron and molybdenum as constituent. The reduction of NO2- to NH3 is catalyzed by nitrite 
reductase in the leaf tissue. The NH3 produced by nitrite reductase seldom accumulates in plants but is rapidly 
metabolized and incorporated into compounds from which amino acids and nitrogen-containing biochemical are 
formed. Examples of nitrogen removals in the harvested portion and residues of some important crops under 
conditions of good yield are given in figure (2.4). In general, more nitrogen is contained in the harvested portion than 
in the stover, vines, straw or roots. Nitrogen uptake by plants is very rapid during the period of rapid vegetative 
growth as illustrated for three crops in figure (2.5). 
Except in case of irrigation and flooding, nearly, all nitrogen enters the soil by natural processes due to biological N2 
fixation and atmospheric deposition of NH3, NH4+, and NO3-. Nitrogen is also added in crop residues and animal 
manures, but these represent recycling within the soil-plant system. 
The two basic biochemical processes in nature are often considered to be photosynthesis and respiration; to this list 
should be added biological N2 fixation and possibly denitrification. 
 
 
Figure 2.4: Nitrogen contained in the harvested portion and residue of good yields of some major agricultural crops 
(Stevenson, 1986). 
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Figure 2.5: Average rates of nitrogen accumulation in the above-ground crop of nonirrigated wheat and irrigated 
corn and soybeans in Nebraska (Olson and Kurtz, 1982). 
In many places of the world an abundance of fertilizer nitrogen at reasonable cost has prompted a reevaluation of the 
role of legumes in crop production. It seems that under certain circumstances, legumes in a rotation can be replaced 
effectively by nonlegumes, provided that chemically fixed nitrogen is applied. Provided crop residues are returned to 
the soil following harvest. The increased production of plant material brought about through adequate fertilization 
may allow nonlegumes to assume some of the functions historically assigned to legumes, namely, to improve soil 
tilth, to prevent erosion, to increase the storehouse of soil nitrogen, and to enhance the activities of desirable 
microorganisms in such a way that soil structure is improved, and thereby plant growth. 
The extent to which fertilizer nitrogen will replace legumes in crop rotations will depend on the availability of 
inexpensive fertilizers, the need for increased acreage of nonlegumes crops and the availability of legumes-free 
cropping systems to maintain soil fertility and prevent erosion.  
Of all the nutrients required for plant growth, nitrogen is far the most mobile and subject to greatest loss from the 
soil-plant system. Even under the best circumstances, not more than two thirds of the Nitrogen added as fertilizer can 
be accounted for by crop removal or in the soil at the end of the growing seasons; losses of as much as one-half are 
not uncommon. It is now known that available mineral forms of nitrogen, whether added as fertilizer or produced 
through decay of organic matter, will not remain very long time in most soils. Five main channels contribute to 
nitrogen losses from soil, including bacterial denitrification, chemodenitrification (chemical reaction forms gaseous 
nitrogen compounds from NO2- produced by nitrifying or denitrifying microorganisms) (Chalk and Smith, 1983), 
NH3 volatilization, leaching and erosion. 
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Besides organic carbon, pyrite (FeS2) is the other important electron donor available for the reduction of nitrate in 
aquifers. The process of nitrate reduction coupled with pyrite oxidation in aquifers involves the oxidation of both 
sulfur and Fe(2) according to the following equations: 
                       5FeS2 + 14NO3- + 4H+                      7N2 + 5Fe2+ + 10SO42- + 2H2O 
and  
                       5Fe2+ + NO3- + 7H2O       5FeOOH +      N2 + 9H+ 
The energy released from sulfide oxidation reaction is larger than for Fe(2). Nitrate does not act as catalyst for 
inorganic oxidation of pyrite, therefore bacterial catalysis is required. The oxidation of pyrite is accompanied by 
increases in sulfate and Fe2+. The pyrite content of aquifer sediment may attenuate groundwater nitrate over long 
periods of time but not indefinitely (Appelo and Postma, 2005). 
In sediments of clay minerals, Fe(2) is another possible electron donor resulting in nitrate reduction according to the 
overall reaction: 
                       10Fe2+ + 2NO3- + 14H2O                      10FeOOH + N2 + 18H+ 
The detrital silicates of amphiboles and pyroxenes could reduce nitrate at low rates, but only in the presence of 
secondary reaction products, including FeOOH (Postma, 1990). 
2.2.2 Internal Nitrogen Cycle in Soil  
A useful concept of internal nitrogen cycle in soil that is distinct from the overall cycle of nitrogen but interfaces 
with it has been evolved. A key feature of the internal cycle is the turnover of nitrogen through mineralization-
immobilization, as follows:  
Organic nitrogen                                         NH3   ,   NO3- 
Essentially, biological turnover through mineralization-immobilization leads to the interchange of inorganic forms of 
nitrogen with the organic nitrogen: A decrease in mineral levels with time indicates net immobilization; an increase 
suggests net mineralization. The fact that levels of mineral nitrogen remain unchanged does not necessarily mean 
that an internal cycling is not operating, but that mineralization-immobilization rates, even though vigorous, are 
equal (Stevenson, 1982). 
Merely a portion of the fertilizer nitrogen applied to soil, estimated at from 30 to 70 %, is consumed by plants and 
that a significant fraction (to 40 %) is retained in the organic matter after the first growing season (Vincent, 1982). 
This residual nitrogen is relatively unavailable to plants during the second growing season, and availability decreases 
even further in subsequent years because of the conversion to stable humus forms. A similar effect has been noted 
for the nitrogen of crop residues.  
immobilization 
mineralization 
1 
2 
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2.2.3 Fertilizer Nitrogen 
Nutrients, such as nitrogen, are essential for plant growth and nourishment, but the overabundance of certain 
nutrients in water can cause a number of adverse health and ecological effects. Nitrogen, in the forms of nitrate, 
nitrite, or ammonium, is a nutrient needed for plant growth. Most countries increased their consumption of fertilizer 
nitrogen after World War II, and in this way were able to increase their food production (figure 2.6). Figure (2.7) 
shows the increase of mean yield of all cereals in proportion to the rise in fertilizer nitrogen consumption in 
developing countries. The same trend was seen in the EU up until 1988. However, it is noteworthy that the yield of 
total cereal in the EU lost this positive relationship with fertilizer nitrogen use after 1989. Many EU countries applied 
much more fertilizer nitrogen than was needed by plants. This caused serious water pollution when nitrate leached 
from agricultural land. These countries have recently taken measures to reduce fertilizer consumption. However, the 
cutback in fertilizer use did not lead to any reduction in cereal yields.  
Former studies have been determined the relative contribution of soil and fertilizer nitrogen to the nitrogen economy 
of plants. Legg and Allison (1967) revealed that additions of fertilizer nitrogen invariably lead to increases in the 
amount of soil nitrogen taken up by the plant. This effect is shown in figure (2.8). Explanations for the increased 
consumption are: (1) the increased uptake is a special feature of the mineralization-immobilization process (2) the 
fertilizer nitrogen causes enhanced mineralization of native humus nitrogen through a priming action and (3) plants 
growing on treated soil develop a more extensive root system and permitting better utilization of untagged soil 
nitrogen by the plant. Jansson (1971) and Jansson and Persson (1982) concluded that the major cause of the 
increased uptake is the substitution of the fertilizer nitrogen instead of the native humus nitrogen.  
 
Figure 2.6: Changes in fertilizers nitrogen consumption per unit area of annual and perennial crops in developing 
and developed countries (Nishio et al. 2002). 
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Figure 2.7: Relation between fertilizer nitrogen consumption per unit area of arable and perennial crops, and yield of 
total cereals, in developing countries and EU (FAOSTAT, 2002). 
 
Figure 2.8: Influence of fertilizer nitrogen application rate on the uptake of soil nitrogen by grass. The solid bars 
indicate the additional amount of soil nitrogen taken up by the plant in presence of increasing amount of fertilizer 
nitrogen (Stevenson, 1986). 
The interchange between mineral and organic forms of soil nitrogen has a bearing upon the use of nitrogen to 
determine the efficiency of fertilizer nitrogen use of plants and the capacity of the soil to provide available nitrogen. 
The effect of intensive fertilizers on groundwater quality was conducted in a study by Nishio et al. (2002) in Japan. 
The determined the standard nitrogen fertilization load, which is the mean amount of nonabsorbed nitrogen 
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associated with different crop species. The excessive use of nitrogen was very common in the production of 
vegetables, fruits and industrial crops. The mean level of non-absorbed nitrogen was especially high in outdoor 
celery (732 kg/ha), outdoor cucumber (482 kg/ha) greenhouse celery (455 kg/ha), tea plants (350 kg/ha), greenhouse 
cucumber (311 kg/ha), in addition to outdoor and green house eggplant and Japanese pear (figure 2.9) (Nishio, 
2001).  
The standard fertilizer nitrogen load is a very effective way to assessing the risk of nitrate pollution of groundwater. 
The fertilizer nitrogen load index was prosperous in explaining the groundwater pollution area of Unuma where a 
high N-load was found. In Unuma, 48 % of the fertilizer nitrogen load originated from applied fertilizer to carrot 
cultivation. Nishio et al. (2002) concluded that, practically, excessive fertilizer nitrogen use tends to result in yield 
losses, rather than the maximum yield. As the relationship between yield and fertilizer nitrogen in EU countries and 
Japan shows, high yields can be maintained even when fertilizer applications are reduced. 
Although adequate data are not available, there is evidence to indicate that losses of fertilizer nitrogen through 
leaching and denitrification will not be proportional to the amount applied but will be greatest when the amount 
exceeds the optimum rate of maximum yield (Legg and Meisinger, 1982). The key to minimize excess NO3-_N in the 
soil (and subsequent losses) is to adjust nitrogen fertilizer rates to reflect both crop nitrogen requirements and the 
ability of soil to provide the available nitrogen. Losses of Fertilizer nitrogen at low application rates will be minimal 
because of net immobilization by microorganisms that cause the decay of plant residues from the previous crop.  
  
Figure 2.9: Major crops in Japan and the meating amounts of absorbed and nonabsorbed nitrogen (Nishio, 2001). 
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2.2.4 Contaminant Transport and Sorption  
A wide variety of chemicals have been identified as contaminants found in groundwater. These include synthetic 
organic chemicals, hydrocarbons, inorganic cations, inorganic anions, pathogens and radionuclides. Most of these 
materials will dissolve in water to varying degrees. The inorganic cations and anions ocurr in nature and may come 
from natural as well as anthropogenic sources. 
Farmers and homeowners alike apply fertilizers containing nitrogen, phosphate and potassium. Phosphorus is not 
very mobile in soil and thus does not pose a significant threat to groundwater. The rate of potassium application is 
generally low and although it is mobile, the literature does not indicate potassium from fertilizers sources is a major 
factor in causing groundwater problems. Nitrogen causes groundwater contamination relevant for human health 
issues. On the other hand, nitrogen is one of the major nutrients applied in agriculture to increase crop production. 
The excess supply of nitrate can lead to environmental damage, causing contamination of the air, soil as well as 
water. In particular, since reactive nitrate is highly soluble, excess easily leaches into groundwater aquifers, where it 
contaminants drinking water resources. 
For studying groundwater contamination it is helpful to understand the basic theory behind the movement of solutes 
toward groundwater. In water chemistry, the processes of dissolution are well known in relation to the processes of 
movement of dissolved substances through porous media. Groundwater contamination can occur by differnet 
mechanisms: infiltration, recharge from surface water, direct migration and interaquifer exchange. The first 
and second mechanisms primarily affect surface aquifers; the third and fourth affect either surface or deep aquifers. 
Infiltration is probably the most common mechanism of groundwater contamination. A portion of the water falling 
to the earth as precipitation slowly infiltrates the soil through pore spaces of the soil matrix. The water moves 
downward under the influence of gravity, it dissolves substances from contacting materials with which it comes into 
contact. Water percolating through a contaminated zone can dissolve contaminants, forming leachate that may 
contain inorganic and organic constituents. The leachate will continue to migrate downward under the influence of 
gravity until it reaches the saturated zone.  
The second mechanism is the recharge from surface water. Normally, groundwater moves toward or ‘discharges’ 
to surface water bodies. However, movement of contaminants from surface water to groundwater can occur in losing 
streams (where normal elevation of the water table lies below the stream channel) and during flooding. Flood may 
cause entry of contaminants through improperly cased wells. Contaminated surface water can also enter an aquifer if 
the groundwater level adjacent to a surface water body is lowered by pumping  The third mechanism is the direct 
migration, where contaminants can migrate directly into groundwater from sources below the ground (e.g., storage 
tanks, pipelines) lying within the saturated zone. Therefore, much greater concentrations of contaminants may occur 
from these sources because of the continually saturated conditions. And the fourth one is the interaquifer exchange 
where contaminated groundwater can mix with uncontaminated groundwater in which one water bearing unit 
communicates hydraulically with another. 
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Contaminant transport processes control the extent of the contaminant movement in groundwater depends on its 
behavior in relation to these processes. Some processes encourage transport-(diffusion (transport by concentration 
gradient), -advection, -mechanical dispersion, -hydrodynamic dispersion, -Density/Viscosity differences, -
Osmotic potential, -facilitated transport). There are also other processes serve to retard contaminant movement 
(contaminant retardation) for example, sorption, filtration, precipitation and transformation. 
The shape and speed of contaminant plumes are determined by these processes and by factors relating to the aquifer 
materials and characteristics of the contaminants. 
In general, three main processes govern the chemical constituents migrating in groundwater; advection (movement 
caused by the groundwater flow) and dispersion (movement caused by the irregular mixing of waters during 
advection). In addition to retardation which refers to the chemical mechanisms occuring during advection and tends 
to slow down the rate of contaminant migration, transport processes of contaminants are described in details by the 
following part.  
Diffusion: A solute in water will move from an area of greater concentration toward an area where it is less 
concentrated. This process is known as molecular diffusion or diffusion. Diffusion occurs as long as a concentration 
gradient exists, even if the fluid itself is not moving. The mass of fluid diffusing is proportional to the concentration 
gradient, which can be expressed by the Fick’s First Law (equation 2.1); for one dimension stationary diffusion. 
 
                                                                                    F = - Dd     x              …………………………….…………..2.1 
Where: 
F = Mass flux of solute per unit area per unit time (M/L2 x T). The negative sign (-) in the equation indicates that the 
movement is from areas of greater concentration to those of lesser concentration (Fetter, 1999). 
Dd = Diffusion coefficient in water (L2/T) (Li and Gregory, 1974). 
C = Solute concentration (M/L3). 
          = Concentration gradient (M/L3 x L). 
x = Coordinate vector. 
For systems with concentrations changing with time, Fick’s Second Law applied has to be expressed by equation 
(2.2), in one dimension diffusion.  
 
                                                                           =           =    Dd     x                        ……………………………….…2.2 
Where: 
            = Change in concentration with time (M/L3 x T). 
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Diffusion in porous media can not proceed as fast as in water because the ions follow longer pathways because they 
travel around mineral grains. Taking into account this effect, the effective diffusion coefficient, D*, has to be used, 
as expressed in equation (2.3). 
                                                                              D*= w x Dd.......................................................................2.3 
Where: 
D* = Effective diffusion coefficient in porous media. 
w = Coefficient (the value is always less than 1) related to the tortuosity (Bear, 1972). Tortuosity is a value for the 
effect of the shape of the flow path of water molecules in a porous media. 
Dd = Diffusion coefficient in water. 
 
Diffusion will cause a solute to spread away from the place where it is introduced into a porous media, even in the 
absence of groundwater flow.  
Advection: Groundwater in its natural state is constantly in motion, although in most cases this movement is very 
slow. Typical rates are many centimeters upto tens centimeters per day. Groundwater flow or advection is calculated 
using Darcy’s Law and is governed by hydraulic principles. Advection is mainly subjected to hydrostatic and 
gravimetric gradients.  
The amount of transported solute is a function of its concentration in the groundwater and the quantity of the 
groundwater flowing. For one-dimensional flow normal to a unit cross-sectional area of the porous media, the 
quantity of water flowing is equal to the average linear velocity times the effective porosity. Average linear velocity, 
Vx, is the rate at which the flux of water across the unit cross-sectional area of pore space occurs. The effective 
porosity, ne, is the porosity through which flow can occur. Noninterconnected and dead-end pores are not included 
in the effective porosity  
Mechanical Dispersion: As a contaminated fluid flows through a porous medium, it will be mixed with 
noncontaminated water. The result will be a dilution of the contaminant by a process known as dispersion. The 
mixing occuring along the direction of the flow path is called longitudinal dispersion.  
Mechanical dispersion can be described by Fick’s Law for diffusion (equations 2.3 and 2.4) and the amount of 
mechanical dispersion as function of the average linear velocity, then the coefficient of mechanical dispersion can be 
introduced.  
Hydrodynamic dispersion: The process of molecular diffusion can not be separated from mechanical dispersion in 
flowing groundwater.  
Density/Viscosity differences: Contaminants having a density lower than groundwater tend to concentrate in the 
upper parts of an aquifer, while those with a higher density concentrate in the lower parts. The viscosity (tendency to 
resist internal flow) of specific contaminants affects their rate of migration through soil and within an aquifer.  
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Osmotic potential: The energy required to pull water away from ions in solution that are attracted to polar water 
molecules, is a primary factor affecting solute transport in the vadose zone. Kharaka (1973) found that ion mobility 
across geologic membranes varied with the material, but that monovalent and divalent cations generally followed the 
same sequence: 
                                         Li <  Na <  NH3 <  K <  Rb <  Cs and Mg <  Ca <  Sr <  Ba.  
Osmosis, if it occurs at all, is likely to occur in deep sedimentary basins rather than near-surface aquifers.  
Facilitated transport: Is a relatively new area of study in the field of contaminant transport. The facilitated transport 
means that the mobility of a contaminant is increased relative to expected retardation by adsorption to subsurface 
solids (Huling, 1989).  
Contaminant retardation: Contaminant transport in groundwater, is retarded by a number of chemical and physical 
mechanisms. Retardation has four major mechanisms; filtration, precipitation, transformation and sorption. The most 
former mentioned mechanism is represented in details because nitrate is more effectively affected by sorption as 
transport mechanism (Palmer and Johson, 1989). 
Sorption: As long as the ionic contaminant has a greater affinity for the solid surface than for existing adsorbed ions, 
retardation will occur. Once the exchangeable sites are filled, the contaminant will travel unretarded. Precise 
predictions of retardation by ion exchange are not possible because of interactions among multiple ions.  
The surfaces of solids, especially clays, have an electrical charge due to isomorphous replacement, broken bonds or 
lattice defects. The electrical charge is imbalanced and may be satisfied by adsorbing a charged ion. Clays tend to be 
stronger adsorbers, as they have both a high surface area per unit volume and significant electrical charges at the 
surface. Most clay minerals have an excess of imbalanced negative charges in the crystals lattice. Adsorpative 
processes in soils thus favor the adsorption of cations. Some positively charged sites exist, but they are not as 
abundant as negative sites. In addition, some common negatively charged ions such as NO3-, SO42- and HCO3- are 
too large to be effectively adsorbed.  
Contaminants will undergo chemical and biological reactions, which mainly consist of dispersion, advection, 
sorption and reaction processes, through their travel from the land surface to the groundwater table. 
Equation (2. 4), the one-dimensional advection-dispersion equation, can be modified to include sorption and decay. 
This can be expressed as (Miller and Weber, 1984): 
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 =  DL   x   -  vx  x     -             x +  ………….…2.4 
 
Where: 
C = Concentration of solute in liquid phase. 
t = Time. 
DL = Longitudunal dispersion coefficient. 
vx = Average linear groundwater velocity. 
Bd = Bulk density of aquifer. 
ѳ = Volumetric moisture content or porosity for saturated media. 
C* = Amount of solute sorbed per unit mass of solid. 
rxn = Subscript indicating a biological or chemical reaction of the solute (other than sorption). 
The first concept on the right side of equation (2.4) represents the dispersion of the solute, the second concept is the 
advection of the solute, the third concept is the transfer of the solute from the liquid phase to the solid particles by 
sorption and the last concept indicates that there may be a change in concentration of the solute during time due to 
chemical or biological reactions or radioactive decay.  
Sorption processes, in particular, include adsorption, chemisorption, absorption and ion exchange. Adsorption 
includes the processes by which a solute clings to a solid surface. Cations may be attracted to the region close to a 
negatively charged clay-mineral surface and held there by electrostatic forces; this process is called cation exchange. 
Anion exchange can occur at positively charged sites on iron and aluminum oxides and the broken edges of clay 
minerals. Chemisorption occurs when the solute is incorporated in a sediment, soil or rock surface by a chemical 
reaction. Absorption occurs when the aquifer particles are porous so that the solute can diffuse into the particle and 
be sorbed onto interior surfaces (Wood et al. 1990). The capacity of a solid to remove a solute is a function of the 
concentration of the solute. Sorption term is used by many references to indicate the overall result of the various 
processes. 
Sorption could be experimentally determined by measuring the changes in the amount of a substance or solute can 
be sorbed by a particular sediment, soil or rock type. Laboratory studies of adsorption involve the use of a specific 
soil and given solutes. As a result of the tests, one knows the mass of solute adsorbed per dry unit mass of soil (C*), 
as a function of the equilibrium concentration of solute remaining in solution (C). A graphical plot of C as a function 
of C* is known as sorption isotherm and many references as (Boulding, 1995) refer to it as adsorption isotherm. If 
the sorptive process is rapid compared with the flow velocity, the solute will reach an equilibrium with sorbed phase. 
This process can be described by an equilibrium sorption isotherm. It is an example of a sufficiently fast, 
heterogeneous surface reaction.  
There are three major types of equilibrium surface reaction (sorption isotherm):  
(1) Linear sorption isotherm  
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(2) Freundlich sorption isotherm  
(3) Langmuir sorption isotherm.  
Linear sorption isotherm: It is the simplest type of isotherm and occurs if there is a direct, linear relationship 
(direct proportion) between the amount of a solute sorbed onto solid, C*, and the concentration of the solute, C, the 
adsorption isotherm of C as a function of C* will plot as a straight line on graph paper (figure 2.10). The resulting 
linear sorption isotherm is described by the following equation (Fetter, 1999): 
                                                                                               C*= Kd x C…………………………………....……..2.5 
Where: 
C* = Mass of solute sorbed per dry unit mass of solid (mg/kg). 
C = Concentration of solute in solution in equilibrium with the mass of solute sorbed onto the solid (mg/L). 
Kd = Coefficient which is known as the distribution coefficient (L/kg). It is equal to the slope of the linear sorption 
isotherm. 
 
This equation is widely used to describe sorption in soil and near-surface aquatic environments. 
 
Figure 2.10: Linear sorption isotherm with C* versus C plotting as a straight line (Fetter, 1999). 
What is termed as the retardation factor of linear sorption isotherm, rf, is given by the following formula: 
 
                1  +                    x   Kd  = rf.........................................................................2.6 
  Bd 
  ѳ 
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Boulding (1995) determined several major problems associated with using the linear distribution coefficient for 
describing adsorption/sorption reactions in unsaturated system (Reardon, 1981). One of these problems is related to 
Kd value. All methods used to measure the Kd value involve some disturbance of the solid material and consequently, 
may not accurately reflect in situ conditions. Furthermore, Kd values taken from the literature may have been 
developed using solid material that differs significantly in physical and chemical characteristics from the site of 
interest. 
Furthermore, Fetter (1999) revealed two more limitations of the linear sorption isotherm model. The first is this type 
of sorption isotherm does not have limited upper amount of the solute that can the solid sorbs. However, the case, 
there must be a limit to the sorbed amount of solute. Moreover, a few data points lead to a misinterpreted linear 
relationship of C versus C* instead of what is actually a curvilinear experimental plot. Therefore, it is paramount 
never to extrapolate from a limited data set to a range outside the data set assuming that a linear relationship exists in 
the extrapolated region. The figure (2.11) shows a subset of sorption data, where the data set is marked by triangles 
can be used originally to form a linear relationship. Also the sorption data set marked by squares can be plotted to 
create another linear relationship, but if all the data are included, the linear sorption isotherm plot absolutely is not 
linear. 
 
In spite of these shortcomings, Kd values from the published literature can provide a qualitative assessment of a 
contaminant’s mobility and adsorption batch laboratory tests using simulated contaminated solutes and samples of 
actual soils can provide valuable information about contaminant behavior. Use of adsorption batch tests is required 
for more accurate assessment of contaminant fate and transport because they allow evaluation of sorption as a 
function of varying subsurface properties such as grain size distribution.  
Freundlich sorption isotherm: It is the second type of sorption isotherm models which is considered as more 
general equilibrium isotherm and described by the following nonlinear (curvilinear) relationship (figure 2.12) when 
C is plotted as a function of C*:  
                                                                                   C* =K x CN.................................................................2.7 
Where: 
K and N = Constants. 
Although this type of sorption isotherm can be vastly applied to the sorption by soils of various metals and organic 
compounds and is usually obtained by an empirical fit to experimental data, it suffers from the same shortcomings as 
the linear sorption isotherm; the amount of a solute that could be sorbed has no upper limit but this is clearly not the 
case. This problem restricts the extrapolation process beyond the range of the sorption data subset (experimental 
data). 
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The retardation factor for a Freundlich sorption isotherm, rff, is as in the following formula: 
 
                                                            rff =    1 +                                        ……………………….………….…2.8 
 
 
Figure 2.11: Nonlinear sorption isotherms can be misinterpreted as linear sorption isotherms if a small data set 
which is extrapolated out of its range (Fetter, 1999). 
*The subset of the data represented by triangles and squares can be interpreted as a linear sorption isotherm. 
Nonetheless, the complete data set, which includes the triangles, circles and squares, can be seen as nonlinear 
isotherm.  
 
Figure 2.12: Nonlinear Freundlich sorption isotherm with C* versus C plotted on cross-section paper (Fetter, 1999). 
Langmuir sorption isotherm: This third type of sorption isotherm models can be determined by plotting C/C* 
versus C on arithmetic graph paper. If this falls on a straight line, it is the Langmuir sorption isotherm (Olsen and 
 Bd  x K x N x CN-1 
   ѳ 
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Watanabe, 1957) which was originally developed to describe sorption of gases on homogeneous surfaces and it given 
by the following formula (Boulding, 1995): 
 
                             =                     +                    ….…..….…………………………..…2.9 
Where: 
α = An adsorption constant related to the binding energy (L/mg). 
ß = The Adsorption maximum for the soil (mg/kg). 
The retardation factor for the Langmuir sorption isotherm, rfl, is as the following: 
 
                                                            1  + x   = rfl   ….……………………….…..2.10 
If the experimental data of C* versus C are plotted to represent the sorption of a solute onto a solid surface according 
to Langmuir sorption isotherm, they will have a curved shape that reaches the maximum value (figure 2.13). While 
either the Langmuir or Freundlich Isotherm equation could be used to describe the relationship between C and C*, 
the Freundlich equation is of special utility as it can easily be applied to retardation studies. 
2.2.5 Emission-Transmission-Immision (ETI) Concept 
Numerous agricultural activities can result in nonpoint sources of groundwater contamination. Fertilizers are part of 
common agricultural practice throughout the world. This application can act as source of contamination to 
groundwater supplies serving large populations. Whether or not fertilizers become source of groundwater 
contamination depends on hydrogeological conditions, application methods and biochemical processes in the soil. 
The amount of fertilizers applied on the soil surface also plays a significant role in the range of intensity and 
widespread of groundwater contamination. The attenuation of nitrate contaminants as they travel through the soil 
zone, unsaturated zone reaching to the groundwater, could be represented by a so-called ETI concept which is the 
abbreviation of Emission-Transmission-Immission. The ETI concept is an applicable investigation concept 
enables evaluating the nitrate contaminant transport in sites that are suspected to endanger the groundwater. It affords 
the ability to prognosticate the nitrate contaminant transport by infiltrated water through the unsaturated zone and to 
predict the amount of nitrate contaminants input into the groundwater. 
According to the Federal Soil Protection Law (BBodSchG, 1998) a prognosis of contaminant transport is required so 
as to evaluate the endurable danger for groundwater. In accordance with the version of the Federal Soil Protection 
Regulation (BBodSchV, 1999) an estimation of the contaminant input into the groundwater via infiltrated water at a 
specific site is defined as ‘seepage water prognosis’. As a common procedure for the contaminant transport 
speculation does not exist, a laboratory setup for such a prognosis comprising the ETI concept was developed 
(figure 2.14). This concept considers the estimation of Emission (E) of the nitrate contaminant; the time-dependent 
amount and concentration of the contaminant which is expressed in a term of ‘flux’ which is defined as the volume 
of contaminant solution per unit area per unit time. The input nitrate flux and the output nitrate flux are calculated 
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from the measured nitrate concentrations and the volume of solution. The expected concentration for each 
different type of soil samples can be obtained using the laboratory setup called the Diffusion Cell (section 4.4.2 and 
unit 5). In a second step, the Transmission (T); the pollutant transport through the unsaturated zone into the 
groundwater is evaluated. This evaluation considers the transport mechanisms of diffusion and the retardation 
potential of the transition zone. After that the Immisson (I) into the groundwater, the amount and concentration of 
 
Figure 2.13: Nonlinear Langmuir sorption isotherm will reach a maximum sorption value when C* is plotted versus 
C (after Fetter, 2001). 
nitrate contaminants input, can be estimated. The amount of nitrate contaminant transported by infiltration into the 
groundwater can be estimated for every hydrological year using the hydrological parameters. A developed utility by 
Lambarki (2006); the ETI Excel Tool was designed to assign the results of the Diffusion Cell and other main 
hydrogeological data that execute major rule in groundwater contamination of nitrate in order to speculate the 
amount of nitrate contaminants penetrated into groundwater during the forthcoming prospective hydrological years 
(for example 50 years). 
  
Figure 2.14: The ETI concept in nature (after Azzam and Lambarki, 2004). 
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2.2.6 Vulnerability of Groundwater to Contamination 
In this section numerous definitions of contamination and groundwater vulnerability to contamination are 
represented in order to illuminate different approaches of vulnerability assessment that are used. An array of methods 
for predicting groundwater vulnerability is existed. In the current study a combined scenario of groundwater 
vulnerability prediction process to evaluate the vulnerability of groundwater to nitrate in the study area 
(Schwalmtal/Nettetal) is represented. Many approaches are used to evaluate and quantify the intrinsic vulnerability 
based on outcomes of the specific vulnerability. More illustrations are submitted in the following information. 
In the view of the importance of groundwater supplies and extensive reliance upon them as an economical and safe 
source of drinking water, aquifer protection against the enormous increase in the application of fertilizers to 
agricultural land in all industrialized and some developing nations since the 1950s to minimize deterioration of their 
quality should receive detailed attention. Nevertheless, there is still all too complacency about groundwater pollution 
risks and insufficient action on aquifer protection. One of the main reasons is that groundwater movement, and 
pollutant migration from the land surface to production boreholes, tends to be a relatively slow process in many 
aquifers. This means that it can take many years, even decades, before the full impact of a pollution episode, 
involving a persistent contaminant, becomes fully apparent in groundwater supplies, even though it affected then 
very large volumes of the aquifer (Parker and Foster, 1986). In general, it will not be practicable to prevent all 
pollution. The question of how much contamination is tolerable arises. The water quality standards and guidelines 
for potable or other uses thus, become the design criteria for groundwater pollution protection. It is, therefore, of 
relevance to consider how the (current) WHO 2011 guidelines for drinking water quality relate to groundwater 
contamination.  
The Safe Drinking Water Act of 1974 defines the term ‘contamination’ broadly to include any physical, chemical, 
biological or radiological substances or matter in water. This definition draws no distinction between contamination 
from natural and anthropogenic sources, nor does it distinguish between acceptable and unacceptable levels of 
contamination. Definitions of contamination from several other sources give some useful additional perspectives of 
the term: 
 Contaminants are all solutes introduced into the hydrologic environment as a result of human 
activity regardless of whether or not the concentrations reach levels that cause significant 
degradation of water quality; Pollution results when contaminant concentrations reach levels that 
are considered to be objectionable (Freeze and Cherry, 1979) 
 Groundwater contamination is the degradation of the natural quality of groundwater as a result of 
human activity (U.S. EPA, 1977). 
 
The most logical approach to the definition of groundwater pollution risk is to conceive it as the interaction between: 
a. The natural vulnerability of the aquifer. 
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b. The pollution loading that is, or will be, applied on the subsurface environment as a result of human 
activity. 
A high vulnerability could be but no pollution risk, because of the absence of significant pollution loading, and vice 
versa. Both are perfectly consistent in practice. Moreover, the pollution loading can be controlled or modified but not 
the aquifer vulnerability.  
 
The term vulnerability first appeared in the literature during the late 1960’s (Albinet and Margat, 1970) as a scientific 
term and concept related to the understanding and protection of natural resources. The definition and use of 
vulnerability as related to contamination of groundwater has widely varied since its introduction. No universally 
accepted definition exists because groundwater vulnerability is not an absolute property but rather a complex 
indicator of contamination (Maxe and Johansson, 1998). This definition implies the relative and uncertain nature that 
is unavoidable to all groundwater vulnerability assessment; all groundwater is vulnerable and uncertainty is inherent 
in all groundwater vulnerability assessments (National Research Council, 1993). The National Research Council 
(1993) defined groundwater vulnerability as an amorphous concept, not measurable property. It is a probability (i.e., 
the tendency or likelihood) that contamination will occur, and thus must be inferred from surrogate information that 
is measurable. In this sense, a vulnerability assessment is a predictive statement much like a weather forecast, but for 
processes that take place underground and on much longer time scales. Furthermore, the U.S. EPA (1994) realized 
the groundwater vulnerability as the relative ease with which a contaminant (like nitrate) applied on or near the land 
surface can migrate to the aquifer of interest under a given set of agronomic management practices and 
hydrogeologic sensitivity conditions. 
 
Vulnerability of groundwater has been specifically reserved for the evaluation of non-point sources (NPS) 
contamination (Gurdak, 2008), and do not address individual point sources of pollution nor any situation where a 
pollutant is purposely placed in the groundwater system. Sources such as landfills and underground storage tanks are 
not considered because they represent point sources, even though, they may degrade the quality of the groundwater 
over a region.  
 
Numerous definitions of contamination and groundwater vulnerability to contamination are represented in order to 
assign different approaches of vulnerability assessment. The National Research Council (1993) stated an array of 
methods for predicting groundwater vulnerability. Our review of alternative classification scheme places 
assessments methods in three general categories: (1) overlay and index methods that combine physical 
characteristics that affect vulnerability in a weighted index or numerical score (2) another set of methods are based 
on mathematical models using equations that approximate the behavior of subsurface environment. These methods 
are called process-based simulation models and (3) statistical/mathematical methods to draw associations with 
areas in which contamination is known to have occurred. 
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Assessment methods in the first category, overlay and index methods, are based on combining maps of various 
physiographic attributes (e.g., geology, soil depths to water table) of the region by assigning a numerical index or 
score to each attribute. In the simplest of these methods, all attributes are assigned equal weights, with no judgment 
being made on their relative importance. Thus, areas of specified attributes (e.g., sandy soils and shallow 
groundwater) are deemed vulnerable. Such methods were the earliest to be used and are still favored by many state 
and local regulatory and planning agency. Overlay and index methods, which attempt to be more quantitative, assign 
different numerical scores and weights to the attributes in developing a range of vulnerability classes, which are then 
displayed on a map. Popularization of GIS technology has made it increasingly easy to adopt map by overlay and 
index methods. 
 
Overlay methods are commonly used for vulnerability assessment at the state level. The main advantage of those 
methods is that some of the factors such as rainfall and depth to groundwater can be available over large areas, which 
makes them suitable for regional scale assessments (Thapinta and Hudak, 2003). In contrast to simple overlay 
methods, index methods assign a numerical value to each attribute based on its magnitude or qualitative ranking. 
Each attribute, in turn, is assigned a relative importance or weight compared to the other attributes. Several types of 
indices have been developed for groundwater vulnerability assessments. The DRASTIC indices are perhaps the best 
known of these methods.  
 
The assessment methods in the second category, methods employing process-based simulation models, require 
analytical or numerical solutions to mathematical equations that represent coupled processes governing contaminant 
transport (Barbash and Resek, 1996). Methods in this category range from indices based on simple transport models 
to analytical solutions for one dimensional transport of contaminants through the unsaturated zone to coupled, 
unsaturated saturated, multiple phase, two-or three-dimensional models. 
 
Statistical mathematical methods incorporate data on known contaminant distributions and provide 
characterizations of contamination potential for the specific geographic area from which data were drawn. Statistical 
methods are sometimes used by regulatory agencies that have the regional databases on groundwater contamination 
needed to develop models. Other forms of configuring these models are based on contaminant concentration and 
other hydrological parameters to evaluate the contamination potential based on mathematical iteration process using 
competent equations. An example of these applied mathematical models is the ETI Excel Tool model that conceives 
quantitatively the transmission of nitrate within the unsaturated zone reaching to groundwater by immission. The 
iteration processes are conducted for the whole studied samples which enable to compare the different levels of 
groundwater vulnerability to nitrate. 
 
Some characteristics of selected vulnerability assessment methods as overlay and index methods in addition to 
process-based simulation models and statistical methods are used worldwide are listed in table (2.2). Overlay and 
index methods tend to be applied at small map scales (large study areas), typically greater than 1:50000, whereas 
Literature Review and Theoretical Background 
38 
 
 
 
most current process-based models are applied to problems at much larger map scales (smaller study areas). Most 
overlay and index methods are designed to evaluate intrinsic vulnerability or have mixed specific and intrinsic utility. 
In contrast, most process-based models and statistical methods are designed for specific classes of contaminates alike 
nitrate, which is the studied parameter in this study.  
Assessments of groundwater vulnerability are made at varying scales, often incorporating the geology and 
hydrogeology of the aquifer, as well as the physiochemical characteristics of the NPS contaminant of interest. In 
general, two types of vulnerability assessment can be defined: (1) assessments that focus on the hydrogeologic 
characteristics of the aquifer without specifically addressing properties of a certain contaminant consider only the 
intrinsic vulnerability or aquifer susceptibility. Therefore, intrinsic susceptibility assessment evaluates how such 
properties as depth to water, aquifer lithology, presence of confining layer, hydraulic conductivity, transmisivity, soil 
characteristics and rates and types of recharge and discharge influences NPS contamination. The intrinsic 
vulnerability refers to vulnerability determined without consideration of the attributes and behavior of particular 
contaminants. (2) the specific vulnerability that is assessed solely on specific chemical properties of a contaminant 
or anthropogenic activity. In other words, this type of vulnerability is referenced to a specific contaminant, 
contaminant class or human activity. In practice, a clear distinction between intrinsic and specific vulnerability can 
not be made. As Rupert (2003) noted, even though multiple definitions have been used for the term groundwater 
vulnerability, they all attempt to address the same underlying question: ‘What is the potential for NPS 
groundwater contamination?’ 
 
Different approaches may give vulnerability ratings that do not agree with each other or with observations of 
groundwater contaminant because each methodology depends on different parameters to assess vulnerability (table 
2.3). The model evaluation problem for large areas, or even a field, is especially difficult because the results (i.e., 
vulnerability ratings) are not subject to experimental verification using normal scientific methods. Therefore, in the 
current study, multiple vulnerability approaches are conducted for assessing groundwater vulnerability. They range 
from models that weight critical factors affecting vulnerability through either mathematical methods or expert 
judgment to quasi-sophisticated simulation model of the physiochemical, hydrological and biological processes 
occurring in the vadose zone, represented by an experimental Diffusion setup. The results of the process-based 
simulation model (Diffusion Cell) will be then compiled into a mathematical simulation program (ETI Excel Tool 
program) related mainly to time and sorption mass of nitrate. The latter model has interesting potential application to 
groundwater vulnerability assessment. It can be used to evaluate, determine and quantify the association between 
measures of vulnerability of a specified contaminant and various types of information and parameters that are 
thought to be related to intrinsic vulnerability. In the current study, the intrinsic vulnerability in the study area using 
DRASTIS as vulnerability mapping technique is addressed. On the other hand, the specific vulnerability to nitrate is 
determined using a compiled system of two vulnerability approaches, the first is the Diffusion setup and the second 
is the mathematical model called the ETI Excel Tool, in order to quantify the assigned intrinsic groundwater 
vulnerability classes. 
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Table 2.2: Selected methods used to evaluate groundwater vulnerability to contamination (after National Research 
Council, 1993). 
Method Map Scale 1 Reference Location Intrinsic and/or 
Specific 
  Overlay and Index Methods  
Kansas leachability index Small Soil Intrinsic 
DRASTIC Variable Groundwater Intrinsic 
California hotspots Large Water table Intrinsic and specific 
Washington map overlay 
vulnerability 
Small Groundwater Intrinsic and specific 
SEEPPAGE Variable Groundwater Intrinsic 
Iowa Groundwater vulnerability Small Groundwater Intrinsic 
GLA-Method Large Groundwater Intrinsic 
EPIK Large Groundwater Intrinsic 
PI-Method Large Groundwater Intrinsic 
DWSAP Variable 
/Small 
Groundwater and surface 
Water 
Specific 
EPA/UIC Small Groundwater Intrinsic 
  Process-Based Simulation Models  
PESTANS Large Soil Specific 
BAM Large Soil Specific 
MOUSE Large Groundwater Specific 
PRZM Large Soil Specific 
RF/AF Variable Soil Specific 
GLEAMS Large Soil Specific 
CMLS Large Soil Specific 
RITZ/VIP Large Soil Specific 
LEACH Large Soil Specific 
RUSTIC Large Groundwater Specific and intrinsic 
  Statistical Methods  
Discriminant analysis Small Groundwater Specific 
Regression analysis Small Groundwater Specific 
1”Large scale” means that the method is typically applied at a level of detail of at least a 1:24,000 scale map to a 
small spatial area; “small scale” means that the method is typically applied at a level of detail less than that of a 
1:50,000 scale map to a larger spatial area.  
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DRASTIC is an index model designed to produce vulnerability scores for the different locations in the study area by 
combining several thematic layers. It was originally developed for manual overlay of semiquantitative data layers; 
however, the obvious definition of its vulnerability index as a linear combination of factors shows the feasibility of 
computation using GIS (Fabbri and Napolitano, 1995). GIS are designed to collect diverse spatial data to represent 
spatially variable phenomena by applying a series of overlay analysis of data layers (Bonham-Carter, 1996). The 
DRASTIC model applied in a GIS environment is used to evaluate the vulnerability of the groundwater in the study 
area. The DRASTIC model was developed by the U.S. Environmental Protection Agency (EPA) to evaluate 
groundwater pollution potential for the entire United States (Aller et al. 1987). It was based on the concept of the 
hydrogeological setting that is defined as ‘a composite description of all the major geologic and hydrologic factors 
that affect and control the groundwater movement into, through and out of an area’. Aller et al. (1987) stated that 
DRASTIC model was created based on the following hypotheses: the potential contamination sources are in the 
surface of the soil; the potential contamination sources reach the aquifer by the infiltration mechanism; the pollutant 
has the same mobility as the groundwater; and the hydrogeological unit considered has a surface of greater than 0,4 
km2. 
The acronym DRASTIC stands for the seven parameters used in the model which are: Depth to water, net Recharge, 
Aquifer media, Soil media, Topography, Impact of vadose zone and hydraulic Conductivity. The model yields a 
numerical index that is derived from rates and weights assigned to the seven model parameters. The significant 
media types or classes of each parameter represent the ranges, which are rated from 1 to 10 based on their relative 
effect on the aquifer vulnerability (figure 2.15). The rate 1 means a very low contamination potential or a very high 
protection degree. The seven parameters are then assigned weights ranging from 1 to 5 reflecting their relative 
importance (table 2.4). The relative weight 5 is most significant and 1 is least significant. The ratings of the each data 
layer are stored in the attribute table in the rating column. The DRASTIC Index is then computed applying a linear 
combination of all factors according to the equation (2.11): 
 
        DRASTIC Index= DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw…………………….…...2.11 
 
Where: D, R, A, S, T, I and C are the seven parameters and the subscripts r and w are the corresponding rates and 
weights, respectively. 
A question could be raised is how to construct each map of DRATIC parameters and the final DRASTIC map? 
Several types of data were used to construct thematic layers of the seven model parameters. An example of a 
summary of data types, formats, scales and usages are available in table (2.5). The depth to water table could be 
obtained by subtracting the water table level from the elevation of the well. An exact interpolation scheme is 
appropriate for generation a smooth surface representation for the high degree of spatial continuity of the 
groundwater surface in an aquifer. The most common available interpolation methods are Inverse Distance Weighted 
(IDW) and Kriging method which is used in interpolating the spatial data in this study. Many other interpolation 
methods are used by researchers such as Natural Neighbour Inverse Distance Weighted (NNIDW) and Spline. The 
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Table 2.3: Parameter used in selected overlay and index methods for vulnerability assessments (after National 
Research Council, 1993). 
Parameters related to 
Method Author(s) 
Depth to 
Ground 
water 
Recharge 
Unsaturated zone 
and Aquifer 
material 
Other 
DRASTIC 
Aller et al. 
(1987) 
Depth to water 
table 
Net recharge 
Soil media Vadose 
zone media Hydraulic 
conductivity 
Slope 
Wisconsin 
Groundwater 
Water 
Contamination 
Susceptibility 
Wisconsin 
Department of 
Natural 
Resources, 
Wisconsin 
Geological and 
Natural History 
Survey (1987) 
Depth to water 
table 
__ 
Soil characteristics (4 
classes based on 
texture) surficial 
deposits 
Depth to bedrock 
Bedrock type 
__ 
Potential for 
contamination of 
Shallow Aquifers 
in Illinois by 
Agricultural 
chemicals 
Berg and 
Kempton (1988) 
__ __ 
Soil and geologic 
materials 
differentiated by 
thickness, texture, 
permeability and 
stratigraphic position 
__ 
Groundwater 
vulnerability 
Region of Iowa 
Hoyer and 
Hallberg (1991) 
Depth to 
private well 
water sources 
 
__ 
Aquifer type 
(alluvial, bedrock, 
glacial drift) and 
thickness of 
confinement by low 
permeability drift or 
shale 
Location of 
sinkholes and 
agricultural 
drainage wells 
State-by-State 
Assessment of 
Aquifer 
vulnerability and 
sensitivity for the 
Conterminous 
U.S. 
Pettyjohn et al. 
(1991) 
 
__ 
 
__ 
Geologically based 
classification of 
surficial and 
relatively shallow 
aquifers 
 
__ 
GLA 
Al Kuisi et al. 
(2014) and 
Neukum, et al. 
(2008) 
__ Net recharge 
Thickness of soil and 
rock cover above the 
aquifer 
-Soil effective 
field capacity 
-Bonus points for 
perched aquifer 
systems 
-Bonus points for 
hydraulic pressure 
condition 
 
Depth to water table map is then classified into ranges defined by the DRASTIC model and assigned rate ranging 
from 1 (minimum impact on vulnerability) to 10 (maximum impact on vulnerability). The deeper the groundwater 
the smaller is the rate value. 
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To construct the net Recharge map, the rainfall data is inserted in equation (2.12) as the following: 
 
Net Recharge= (Rainfall – Evapotranspiration) x Recharge Rate………………………………….…2.12 
 
Variations in recharge rate values in urbanized area, agricultural areas and others parts in the study area should be 
determined in configuration the recharge map. The recharge map is then classified into ranges and assigned rate from 
1 to 10. High recharge rates are assigned high numerical rates. 
 
The Aquifer media and the Impact of vadose zone could be obtained from a subsurface geology map, geological 
sections and drilling profiles of the study area aquifers system. Then they are used to encode the geological units 
according to the DRASTIC model rating system. The coarse (saturate and unsaturated) media was assigned a high 
rate value compared to the fine media types. 
 
The Soil map could be either as hard copy or in digital format referenced to the study area coordinates. The texture 
of the various soil types could be then determined. The soil media types are then assigned rate from 1 to 10 
according to their permeability. Coarse soil media have high rates in comparison to fine soil media for example 
gravel rates as shown in figure (2.15). 
 
The Topography layer could be constructed from the topography and land use map by interpolation. The topography 
and land use map is first scanned and registered. The elevation contour lines are digitized together with the elevation 
points to be used in the interpolation. The contour interpolation process involves two steps (ITC-ILWIS, 2001): 
rasterization and interpolation. Both the segment contour map and the point elevation map were rasterized and 
combined. The inclusion of the elevation points in the contour interpolation assist to avoid the creation of flat areas 
on hilltops or bottom of depressions as a result of being enclosed by the same contour line. The interpolation process 
is then performed on the combined map using the Borgefors distance method (ITC-ILWIS, 2001) and yielded a 
digital elevation map (DEM) (Babiker et al. 2005).  
 
The Slope map is then sliced into ranges and assigned rates ranging from 1 to 10. Flat areas obtain high rates because 
they slow down the runoff allowing more time for the contaminant to percolate down to reach the groundwater, 
while steep areas increase the runoff washing out the contaminant hence are assigned low rates. 
 
The hydraulic Conductivity map could be scanned if it is alike hardcopy and then registered. The different 
hydraulic conductivity zones in the area are defined and assigned ratings according to DRASTIC. 
 
The DRASTIC vulnerability indices are computed according to equation (2.11). In order to understand the 
vulnerability index, it is necessary to choose a representation method which can expose the aquifer vulnerability in 
an appropriate fashion and simultaneously allows comparability between different areas. Basically, Aller et al.  
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Figure 2.15: Rates values of the DRASTIC parameters (after Aller et al. 1987). 
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Table 2.4: The DRASTIC parameters and their description and weight value of each parameter (Babiker et al. 2005). 
Factor Description Relative weight 
Depth to water 
Represents the depth from the ground surface to the 
water table, deeper water table levels imply lesser chance 
for contamination to occur. 
5 
Net Recharge 
Represents the amount of water which penetrates the 
ground surface and reaches the water table, recharge 
water represents the vehicle for transporting pollutants. 
4 
Aquifer media 
Refers to the saturated zone material properties, which 
controls the pollutant attenuation processes. 
3 
Soil media 
Represents the uppermost weathered portion of the 
unsaturated zone and controls the amount of recharge 
that can infiltrate downward. 
2 
Topography 
Refers to the slope of the land surface, it dictates whether 
the runoff will remain on the surface to allow 
contaminant percolation to the saturated zone. 
1 
Impact of 
vadose zone 
Is defined as the saturated zone material, it controls the 
passage and attenuation of the contaminated material to 
the saturated zone. 
5 
Hydraulic 
Conductivty 
Indicates the ability of the aquifer to transmit water, 
hence determines the rate of flow of contaminant 
material within the groundwater system 
3 
 
Table 2.5: Data used for constructing the seven parameters layers (after Babiker et al. 2005). 
Data types Format Scale Used to produce 
Borehole data 
(water table level) 
Table, 
Location 
map 
1:15000 Depth to water 
Annual rainfall (Mean) Table 1:50000 Net Recharge 
Geology map Digital 1:50000 Aquifer media 
Geological profiles, 
soil map 
Digital 1:50000 
Impact of vadose zone and 
Soil media 
Land use and topographic 
map 
Hard copy 1:50000 Topography 
Hydraulic conductivity Table, Map ~1:70000 Hydraulic Conductivity 
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(1987) introduces a national colour coding of the vulnerability maps. The DRASTIC indices are first classified into 
ranges by imposing arbitrary thresholds. Those ranges are then assigned the colours of the pseudo colour ranging 
from violet to red (For example).  
 
The DRASTIC model was selected based on the following considerations. This model uses a relatively large number 
of parameters (seven parameters) to compute the vulnerability index which ensures the best representation of the 
hydrogeological setting. The numerical ratess and weights, which were established using the Delphi technique (Aller 
et al. 1987), are well defined and are used worldwide. This makes the model suitable for producing comparable 
vulnerability maps on a regional scale. The necessary information needed to build up the several model parameters is 
available in the study area or could easily be inferred. Data analyses and model implementation are performed using 
the GIS software. 
 
Furthermore, implementation of assessment using a high number of input data layers (Evans and Myers, 1990) by 
DRASTIC is believed to limit the impacts of errors or uncertainties of the individual parameters on the final output 
(Rosen, 1994). Some authors (e.g. Barber et al. 1993; Merchant, 1994) however, have argued that a DRASTIC-
equivalent result can be obtained using a lower number of input parameters and can achieve a better accuracy at less 
cost. Some studies employed the DRASTIC model for aquifer vulnerability using a lower number of parameters 
(McLay et al. 2001) or assuming the constancy of the missing parameter (Secunda et al. 1998). Moreover, the 
unavoidable subjectivity associated with the selection of the seven parameters, the rates, and the weights used to 
compute the vulnerability index has also been criticized (Napolitino and Fabbri, 1996). Therefore, a fundamental 
characteristic of all approaches to intrinsic vulnerability assessment is uncertainty, either in the method itself or in 
the data it uses. The author Pliny the Elder has a common saying ‘In these matters, the only certainty is that there is 
nothing certain.’ Vulnerability assessments using a specific method usually generate a map of the region depicting 
various polygons or cells; the distinctions between levels of vulnerability, however, are arbitrary. The vulnerability 
assigned to a particular point or polygon is uncertain because of model and data errors and is subject to spatial 
vulnerability.  
 
Few published vulnerability assessments account for uncertainties from either model or data errors. Little attention 
has been paid to the problem of errors in GIS databases and propagation of such errors where these databases are 
used for generating thematic maps (Mead, 1982; Chrisman, 1984; Burrough, 1986; Goodchild and Dubuc, 1987; 
Goodchild and Min-hua, 1988). Uncertainty analyses are used to evaluate the spatial and temporal variability and the 
propagation of errors in model calculations (i.e., variance in model outputs and the sufficiency of existing spatial 
databases) (Eisenberg et al. 1989). 
 
Uncertainties of the applied model for example for DRASTIC model are calculated to evaluate whether it was 
necessary to use all of the seven DRASTIC parameters to assess vulnerability of a certain aquifer. Many sensitivity 
methods can determine the uncertainties of the DRASTIC model. More details are listed represent two sensitivity 
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tests. The first is the map removal sensitivity analysis introduced by Lodwick et al. (1990) and the single-
parameter sensitivity analysis introduced by Napolitano and Fabbri (1996). The map removal sensitivity analysis 
identifies the sensitivity of the suitability map (vulnerability map) towards removing one or more maps from the 
suitability analysis and is computed in the following way:  
 
                                                              S= (|V/N – V’/n|) x (100/V) ……………………………...……2.13 
Where: 
S = Sensitivity variation index.  
V and V’ = Unperturbed and perturbed vulnerability indices, respectively. 
N and n = Number of the parameters (data layers) used to compute V and V’ in order to estimate the new 
vulnerability index deleting one or more layers.  
 
The actual vulnerability index obtained using all seven parameters is considered as an unperturbed vulnerability 
while the vulnerability computed using a lower number of data layers is considered as a perturbed one. 
 
The single parameter sensitivity analysis is developed to evaluate the impact of each of the DRASTIC parameters on 
the vulnerability index. It is performed to compare the ‘effective’ or ‘real’ weight of each input parameter in each 
polygon with the theoretical weight assigned by the analytical model (DRASTIC). The ‘effective’ weight of each 
polygon is obtained using the following formula:  
 
                                                             EW= (R1 x W1/V) x 100  ..…………….………….……………..2.14 
Where:  
EW = The effective weight of each parameter. 
R and W = The rate value and weight of each of the DRASTIC parameters, respectively. 
V = The overall vulnerability index, in other words; the vulnerability index computed using the standard DRASTIC 
method.  
 
A well-structured database and a GIS capable of manipulating large tables are required to implementing the 
sensitivity analysis. To avoid analysing the large number of individual pixels in the study area, the idea of ‘unique 
condition subareas’ introduced by Napolitano and Fabbri (1996) could be used. It is defined as one or more polygons 
(area) consisting of pixels with a unique combination of Di, Ri, Ai, Si, Ti, Ii, and Ci where Di, Ri, Ai, Si, Ti, Ii, and Ci 
are the rating values of the seven parameters used to compute the vulnerability index and 1≤i≤10. The cross-
operation of ILWIS 3.1 is used to obtain the subareas. The cross-operation performs an overlay of two raster maps by 
combining pixels at the same locations in both maps and tracking all the combinations that occur between the 
different values or classes in both maps (ITC-ILWIS, 2001). Geographic Information System (GIS) are presented as 
a commonly used computing environment for executing assessment and displaying the results of virtually assessment 
and uncertainties.  
 
In brief, vulnerability is not an absolute or measurable property, but an indication of the relative likelihood with 
which contamination will occur, no groundwater is invulnerable. Therefore this conception of groundwater 
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vulnerability is bounded, as are any others, by fundamental principles which are stated in the First Law of 
Groundwater Vulnerability: All groundwater is vulnerable. Predicting groundwater vulnerability is an important 
exercise. Information about the subsurface is expensive to obtain, especially over large areas and assessment 
methods can only approximate actual environmental processes or other associations. Thus one arrives at the Second 
Law of Groundwater Vulnerability: Uncertainty is inherent in all vulnerability assessments (National Research 
Council, 1994). 
 
Different approaches may give vulnerability ratings that do not agree with each other or with observations of 
groundwater pollutants. The model evaluation problem for large areas, or even a field, is especially difficult because 
the results (i.e., vulnerability ratings) are not subject to experimental verification using normal scientific method. 
Therefore, field and laboratorial work should be conducted to highlight the influence of a specified contaminant in 
the groundwater and thus reveal the specific vulnerability which is referenced to this certain contaminant.  
 
Cultivation fields are expected to impose a high risk of nitrate contaminant loading onto the ground surface (e.g., 
nitrogen fertilizers). As a result, it is found closely and mainly beneath cultivation practices a high contamination 
potential of nitrate to groundwater which has increased concurrently with these rises in fertilizer application. By far 
and away nitrate is found the most pervasive inorganic constituents of health significance, because of its high 
mobility and stability in aerobic groundwater systems. In particular, since reactive nitrate is highly soluble, excess 
easily leaches into groundwater aquifers, where it contaminates drinking water (Wick et al. 2010). High intake of 
nitrate by warm-blooded animals, particularly those under three months of age, constitutes a hazard, primarily when 
conditions occur that are favorable to their reduction to nitrite (U.S. EPA, 1987a). Nitrate is reduced to nitrite in the 
gastrointestinal tract. The nitrite then reachs the bloodstream and react directly with hemoglobin to produce 
methemoglobin (blue baby syndrome), which causes impairment of oxygen transport. Fatal poisonings in infants 
have occurred following ingestion of well waters containing nitrate at concentrations greater than 10 mg/L nitrate. 
Over two thousand cases of infant methemoglobinemia have been reported in Europe and North America since 1945; 
with 7 to 8 percent of the affected infants dying (U.S. EPA, 1987b). Moreover, there is increasing concern that high 
nitrate uptake in drinking water may also be linked to cancer, nervous system impairments and birth defects (Ervin 
and Kittleson, 1988). 
 
An integrated vulnerability can be obtained by overlying a representation of the actual pollution sources, which are 
subdivided on the basis of their pollution potential (e.g., urban areas, cultivated areas, waste dumps, industrial 
complexes, and the like), on the intrinsic vulnerability map. The integrated vulnerability map is obtained by 
combining the vulnerability map and the potential pollution sources extracted from the land use map. 
 
In the current study, specific vulnerability of nitrate contaminant is determined based on experimental setup called 
Diffusion Cell configured according to the Emission-Transmission-Immision (ETI) concept (section 2.2.5). 
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Afterward, a mathematical model called ETI Excel Tool (sections 6.1 and 6.2) designed to assign the results of this 
cell in addition to other main data thought to play main rule in groundwater contamination of nitrate. 
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3 Description of the Study Area  
This chapter describes the main features of the study area and indentifies its geographical location, geology, 
soil types, hydrogeological aquifers system and hydrological parameters such as surface water, climate and 
precipitation and water resources. The land use is also discussed in the following sections by many diagrams 
and spatial distribution maps according to their practices in the study area.  
3.1 Geographical Location  
The study area (Schwalmtal/Nettetal) is located in the western part of the federal state North Rhine-Westphalia, 
Germany, particularly in the south western part of the Lower Rhine Lowland (Niederrheinische Bucht) and within 
the Venlo Block (figure 3.1) and it is a part of the district Viersen. The boundary of the study area is Germany and 
Netherlands from the western part.The study area has an area of about 115 km2. The geographical position extends 
from the south-western corner (East: 2511200, North: 5680000) to the north-eastern corner (East: 2523500, North: 
5690000) according the geo-referencing system of Germany Zone II.  
 
The position of the study area in Germany is shown in figure (3.2). The diagonal of the entire study area forms the 
axis, Dülken-Venlo (NL). Thus it comprises the northern half of the topographic map in scale 1:25,000 (TK 25) with 
the number 4703 (Schwalmtal) (Landesvermessungsamt Nordrhein-Westfalen, 2004a) and the southern half of the 
topographic map 4603 (TK 25) (Nettetal) (Landesvermessungsamt Nordrhein-Westfalen, 2004b). The area is bounded in 
the north through the ‘Hinsbecker fault’, in the east by the ‘Süchtelner ridge’, in the south by the town ‘Dilkrath’ and 
in the west by the ‘Brachter forest’. The site slopes from southwest forth slightly towards Nette-valley where it 
reaches with 31 m amsl (the lowest point) (Wegmann, 2004). The peak point of 84 m amsl is located east of ‘Nette’ 
in the ‘Süchtelner ridge’. The landscape of the area is characterized by the forests and wetlands of the river ‘Nette’ 
and the 12 connected lakes. The lakes have altogether an area of ca. 180 ha (Wegmann, 2004).  
3.2 Geology and Soil Types 
3.2.1 Geology 
The limitation of this recent downlift-area is carried out by consideration of tectonic and geologic aspects. Along 
numerous faults, the Lower Rhine basin is divided in individual blocks. One of these faults is the Viersen fault 
system called ‘Viersener Sprungsystem’ or what is so called as ‘Viersen ridge’, seperating the Lower Rhine basin 
into a western and eastern part. East of the fault, there is a high-block (in German: ‘Hochscholle’) called ‘Krefelder 
Scholle which means in English Krefeld Block’ and western the ‘Venlo Scholle which means in English Venlo 
Block’. The major part of the study area (figure 3.1 and figure 3.3) is part of this block (Klostermann, 1992). 
 
The Lower Rhine basin is characterized by Quaternary, partially Glacial and Glaciogenic drift sediments and by 
recent tectonic activity. The Quaternary sediments cover a thick, almost complete tertiary stratigraphic sequence 
possibly formed by the Cainozoic downlift-occurences (Klostermann, 1992).  
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Figure 3.1: The geological layout of the study area in the ‘Venlo Block’ within the Lower Rhine basin (Schaefer and 
Siehl, 2002). 
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Figure 3.2: Location of the study area and the Venlo Block in the Lower-Rhine basin and in North Rhine-
Westphalia (NRW) (Aljazzar, 2010). 
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 Scholle means in English block and Sprung means in English fault. 
The geology of the study area is affected by the tertiary faults of ‘Venlo Ditch’ and ‘Süchtelner-Hinsbecker ridge’. In 
the area surrounding the Ditch, there are sediments of the older Rhine-Maas main terrace, made of Reuver clay and 
gravel of Tertiary period (figure 3.4). On top of these sediments, weathering clay (in German: ‘Tengelentone’) and 
sediments of the younger main terrace can be found. In the area around the ‘Süchtelner-Hinsbecker ridge’, only few 
types of sediment of the younger main terrace and the middle terrace are left. The area of the city is formed by the 
valley of Nette and its tributaries. Nette was created at the end of the main terrace time due to the tectonic movement 
and Glacial period. Near the ‘Süchtelner-Hinsbecker ridge’ several congestions of Nette lead to lakes, moors and 
swamps. Different soil types like loess and aoelian sand can be found in the area of Nette (Wegmann, 2004). The soil 
types in the study area are discussed in details in the next section. 
3.2.2 Soil Types 
The soils in the study area can roughly be associated into two different predominant soil types (Paas, 2005). The soil 
regions of the older terraces of Maas and Rhine rivers, include brown earth (in German: ‘Braunerde’) and luvisols (in 
German: ‘Parabraunerde’), which are clearly the dominating landscapes and are distributed in the whole study area. 
 
  o 
 
  o 
Figure 3.3: Major structural elements and blocks of the Lower Rhine basin (Schaefer et al. 1996). 
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Figure 3.4: Geologic profile of the study area (after Klostermann, 1983). olo: Oligocene deposits (Oligozäne 
Ablagerung), AP: Older terrace deposits (Ältere Terrassenablagerung), RvB/RvC: Reuver clay (Reuvertone); HT: 
Younger main terrace (Jüngere Hauptterrassen); NT: Lower terrace (Niederterrassen).  
The soil-region of the meadows and the lower terraces has a subordinate role. They are represented in the study area 
by the gley soils and the different forms like wet-gley (in German: ‘Nassgley’), pseudogley and near-moor-gley (in 
German: ‘Anmoorgley’), as well as the fen (in German: ‘Niedermoore’). The soils of this area can typically be found 
in the valleys of the river Nette and its tributaries. Consequently, the distribution of this soil region correlates with 
the groundwater occurrence and the river system (Paas, 2005).    
The regions where soil exists in the study area distinguish the similarity of geological and morphological attributes of 
soil types as well as the soil genesis (Sponagel, 2005). According to Paas, (2005) the study area can be distinguished 
in four different soil types as the following: 
 Brown earths which were significantly formed by aeolian sands and the deposits of the younger terraces 
exist in the west of Nette river. In the area of ‘Brachter forest’ till the village ‘Kaldenkirchen’ the soils can 
be found (figure 3.5.a). As shown in this figure, the profile of brown earth exists of 3 horizons. The highest 
one on top is rich of humus. Problematic of brown earth is the low filter capacity. As a result pollutants such 
as nitrate can easily and fast reach groundwater (Fiedler, 2001). By considering the soil types, three 
different types of brown earths can be distinguished. The brown earth 1 (Braunerde 1) stands for the soils 
that are used for grassland, brown earth 2 represents the soils that are used for forestry and brown earth 3 
shows the attributes for the soils that are used for agriculture/cultivation land (figure 3.6). Brown earth 
covers 55.9 km² of the study area which is ca. 48 % of the whole area. Consequently, they are considered as 
the dominant soil type (figure 3.7). 
 
 Pseudogleys have formed from backwater favoring luvisols (Paas, 2005) near the ‘Süchtelner ridge’ and 
from brown earth surrounding ‘Bracht’. It is formed from backwater soils which exist significantly in the 
transition area from brown earth and luvisol to gley near the rivers (figure 3.5.b). According to the soil 
Groundwater table 
Description of the Study Area 
54 
 
 
 
types, two different pseudogleys can be distinguished. The gley that are classified as middle sandy clay are 
only used as grassland, whereas the middle silty sands are used for agriculture and forestry. The 
productivity of the soil varies from low to high. Pseudogleys cover only about 2.4 % of the study area 
(figure 3.7). 
 
 
 
Figure 3.5: The soil profile of a) the brown earth (left) is characterized by a brownish weathered horizon (Bv) which 
is followed by the unaffected source material in greater depths (IIC). Both horizons are overlaid by a dark layer of 
humus (Ah). On the right side b) sequence of pseudogley are characterized by humus horizon of cattle kick print 
occured before about 200 years (jAh), temporary extreme waterlogging occurred above milky white bleaching 
horizon (Sew) underlain by waterlogging horizon which in turn overlaid by small strong loess and thick clay material 
(Sw) and the lowest horizon consists of very small strong loam underlain by very dense clayey colored sandstone 
(Naturkundemuseum, 2013). 
 At the lower slopes of the ‘Süchtelner ridge’, as well as on some parts of it, mainly luvisols can be found. 
They were formed by loess that overlay the older and younger main terrace (figure 3.8.a). By considering 
the soil types two different kinds of luvisols can be distinguished. Type 1 represents the luvisols that are 
used for agriculture and forestry. Luvisol 2 corresponds to soils that are used for grassland (Paas, 2005). 
Luvisols belong to the most productive soils in the study area (Blume et al. 2009). Luvisols are the second 
most common soil types in the study area with an expand of about 26.4 km² (22.7 %) (figure 3.7). 
 
 Gleys are the fourth soil type which is bound to the river system of Nette. Gleys have been primarily formed 
from the deposits of the streams and rivers (figure 3.8.b). Translated gley means swampy soil which is 
        Brown earth                          Pseudogley 
a) b) 
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influenced by soil water. Because of the perennial high water table, anmoorgleys have formed in the area 
between ‘De Wittsee’ and the ‘Hinsbecker fault’. According to the soil types two kinds of gleys can be 
separated. The gley 1 is the middle sandy loam which is classified as gley and solely used as grassland 
whereas the middle silty sand of gley 2 is used for agriculture and forestry. Only after drainage it is possible  
 
 
Figure 3.6: The soil uses in the study area are distributed according to the soil types (after Rosin, 2011). 
 
 
Figure 3.7: The distribution of the soil types in the study area Nettetal (after Rosin, 2011). 
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Figure 3.8: Sequences of a) luvisol (left) and b) gley (right). Luvisol is characterized by humus horizon (Ah), clay 
minerals (Al) and Loess (Bt) and (Bv). Gley is characterized by horizon of plowed soil (Ap), oxidation horizon (Go), 
subsidence of groundwater horizon (rGr) and horizon of reduced manganese and iron compounds (Gr) 
(Naturkundemuseum Kassel, 2013). 
to cultivate the soil. Despite the high content of clay, gleys are almost not useable for agriculture since deep cracks 
are formed when there is a long period of dryness. In accordance to the described soil types of the study area, the soil 
samples (S1, S2, S3, S4, S5, S6, S7 and S8) are assigned on the soil type map of the study area as shown in figure 
(3.9).  
3.3 Hydrogeological Aquifers Systems 
The region around the study area is characterized by thick, non-cohesive sediments like sand and gravel, formed in 
the glacials of the tertiary. These sediments form an important groundwater reservoir. The aquifer is divided into 
several levels, which are separated by clayey layers. Because of intensive agriculture in this area, the groundwater 
near the surface is often polluted. Therefore the deeper groundwater has to be used for drinking water supply 
(Geological Survey North Rhine-Westphalia (GD NRW), 2006). As seen in figure (3.13), the groundwater aquifers 
of the study area are made of porous aquifers that are productive or highly productive. 
a) b) 
          Luvisol                                            Gley 
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Figure 3.9: Various soil types of the study area accordding to the german classification (after Geological Survey North Rhine-Westphalia (GD NRW), 2015). The 
addressed signs refered to the soil samples such as 1_Sch means S1 from Schwalmtal and 2_Ne means S2 is from Nettetal, etc. 
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Figure 3.10: The distribution of the aquifers in North Rhine-Westphalia (NRW) (after GLA NRW, 1999). 
The aquifers in the study area are formed by gravelly or sandy deposits of the younger main terrace (figure 3.2). The 
thickness of the aquifer ranges from 3 to 10 m (Hubatsch, 1986). Below the aquifers, the weathering clay serves as 
an aquiclude. Above the aquifers there are no aquicludes. Therefore, the aquifers are described as unconfined 
structure. The average surface of the groundwater is located at 44 m amsl. In general, the dip of the groundwater 
surface is from southeast to northwest. 
The average depth of groundwater table is not more than 6.8 m. Due to relief and tectonics the depth of the 
groundwater table has various variations. The greatest depths of the groundwater table can be found in the area of the 
fault zones. At the ‘Süchtelner ridge’ the groundwater table exists at around 15 to 25 m under the surface. Similar 
values can be found at ‘Lüttelbrachter ditch’. In direction to the rivers in the study area the depth of the groundwater 
table decreases. The monthly precipitation, also the amount of seepage water and evapotranspiration are shown in 
figure (3.14). The distribution of the seepage water in the study area is shown in figure (3.15). At the western 
boundary the amount of seepage water ranges between 90 and 148 mm/year. 
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Figure 3.11: Illustration of the monthly precipitation, monthly evapotranspiration and the monthly seepage water in 
the study area (after Rosin, 2011). 
 
 
Figure 3.12: Spatial distribution of the yearly amount of seepage water in the study area (after Rosin, 2011). 
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3.4 Hydrology 
3.4.1 Surface Water 
The surface water (streams/ rivers, lakes) occupies an area of 2.47 km2 and consists of 9 streams, i.e. ‘Nette’, 
‘Sonnenbach’, ‘Renne’ and ‘Nattergraben’. The study area can be regarded as a part of the drainage system of 
‘Nette’. The ‘Nette’ is a left side tributary of Niers, and form a part of the river system of ‘Maas’ (Agency for 
Nature, Environment and Consumer Protection in North Rhine-Westphalia (LANUV), 2006). There are 12 lakes 
with an area of 1.91 km2 which are also a part of the river system of ‘Nette’. 
3.4.2 Climate and Precipitation 
In the climatic period from 1961 to 1990 the yearly average temperature was 10.0 C° and the yearly average 
percipitation was 788 mm. The coldest month (January) had an average temperature 2.8 C°. The climatic conditions 
are in favor of agriculture. The vegetation period; the humid months in which the average temperature is above 5 C°, 
lasts from April till October. In this period nearly 58 % of the yearly precipitation reaches the ground. The study area 
(Schwalmtal/Nettetal) is under climatic conditions a part of the north German lowland and the European regions 
which has a vegetation period of 230 to 250 days. 
 
Figure 3.13: Climate diagram of Tönisvorst station (average, 1961-1990) (after Rosin, 2011). 
                      *Cfb: Temperate oceanic climate 
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3.5 Land Use  
Agriculture has a significant importance for the economic situation in the study area and due to the river Nette, fertile 
soils like brown earth, luvisol and colluvium of loess, sand loess or loess clay exist. The study area is characterized 
by intensive agricultural soil use. Figure (3.17) represents the main land uses in the study area. 
Most of irrigated areas in North Rhine-Westphalia federal state are concentrated in the Lower Rhine basin which 
leads to a situation of increasing nitrate in groundwater (Commission of the European Communities (CEC), 2007).  
3.6 Ecology 
The region around the study area offers many natural reserves for animals and plants that have a national and 
international repetition, especially the area near the ‘Bruchniederung’ of Nette is very important. In this area, there is 
one of the biggest connected alder-forest in whole northwestern Europe. In the area around the ‘Krickenbecker lakes’ 
lives one of the biggest gray heron populations in Germany. There are many bird reserves around the ‘Nette’ and the 
‘Krickenbecker’ lakes to preserve the wild habitats of animals and plants. The natural reserves in the north of the 
study area are accounted as the biggest part in the region (Wegmann, 2004). 
 
 
Figure 3.14: Land use in the study area (values in % of the whole area, water surfaces are not regarded), (after 
Rosin, 2011). 
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4 Methodology 
Numerous approaches are combined in this study to achieve its main goal of quantifying vulnerability classes 
through mass transport scenario modeling using the ETI concept. Field and experimental results are integrated 
with many modeling approaches to determine the final outcome represented by quantification of the intrinsic 
vulnerability indices. This unit describes and illustrates the workflow phases adopted in the methodology (figure 
4.1). 
4.1 General Description of Work Proceeding  
The evaluation of groundwater contamination potential rely on determining the natural capability of various 
hydrologic attributes in the study area to obstruct contamination or facilitate it without consideration of attributes and 
behavior of particular contaminant (intrinsic vulnerability). Whereas when groundwater vulnerability is referenced to 
a specific contaminant such as nitrate then the vulnerability is attributed as specific. Therefore, the intended scenario 
is to estimate the actual vulnerability levels in the study area by integrating the intrinsic groundwater vulnerability 
using DRASTIC model and the specific groundwater vulnerability for nitrate taken from the results of the developed 
experimental setup ‘Diffusion Cell’ and the ETI Excel Tool program. A GIS-based modeling approach is used to 
compile the two types of vulnerability (intrinsic and specific) to acquire the quantification of the intrinsic 
vulnerability indices. Modifications of DRASTIC model are also conducted to adjust the reliability of DRASTIC 
indices. The modifications are derived from the attenuation behavior of soil to retard nitrate in order to adjust the soil 
parameter particularly. In this study adjusting the soil factor of DRASTIC is worked out by exploiting the sorbed 
ratio (Srob.r) which refers to the mass of nitrate sorbed to the dry unit mass of soil. This ratio is a significant 
characteristic to the physical processes occur to nitrate contaminant in the uppermost soil layer and in the vadose 
zone as well. 
4.2 Data Collection 
The process of gathering information in an established systematic fashion enabled us to answer the stated research 
questions, test the main work concept, and hereafter evaluate the outcomes. In other words, the aim of data collection 
and its analysis is to capture quality evidence that create on a convincing and credible answer to questions that have 
been posed. This corresponds to the non-spatial data that were obtained from Federal Statistical Office, Wiesbaden 
(DWSTATIS). Spatial data were also collected from the Agency for Nature, Environment and Consumer Protection 
of North Rhine-Westphalia (LANUV). These data are utilized for representing intrinsic and specific vulnerability. 
In the current study, there are four main kinds of data: 
1. Literature review in multidisciplinary fields broadly related to groundwater vulnerability and contaminant 
mass transport with more focus on nitrate retardation and transport behavior. 
2. Spatial data are referenced by the coordinate system of Germany Zone II and combined in the ArcGIS 
package. 
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Figure 4.1: Workflow of combined methodologies for quantification the intrinsic vulnerability indices. 
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3. Information about the study area: location, geology, hydrogeological aquifer systems, hydrology including 
climate, precipitation and water resources. The topography maps; of Schwalmtal no. 4703 and Nettetal no. 
4603 are used to determine the eight locations of soil sampling. The spatial distribution of soil sampling all 
over the study area with respect to soil classes is taken into account. 
4. Experimental data obtained from the former setups based on the ETI concept. Many adjustments were 
introduced to the experimental setup of the former researcher Aljazzar (2010) under a new nomination of 
“Diffusion Cell”. Previous setups based on the ETI concept are explained in section (2.1). 
4.3 Field Work  
A reconnaissance was performed in the study area to determine the locations of soil sampling. Eight soil samples 
were excavated at around 30 cm depth from the upper soil surface. This depth of soil sampling represents the soil 
thickness where most of agricultural practices such as tillage and plowing take place, since it directly affect the 
nitrate mixing with the lower soil layers and transport mechanisms. Undisturbed soil samples were collected as 
shown in figure (4.2) in order to prepare the undisturbed soil slice that should be inserted into the lower chamber of 
the Diffusion Cell. Furthermore, for many physical tests of soil for example saturated hydraulic conductivity (soil 
permeability) test, undisturbed soil samples were needed. Another disturbed soil samples were also gathered in 
buckets to perform physical tests (table 4.1). The locations of soil sampling were determined based on topography 
and the spatial distribution of the most extensive agricultural practices (figure 4.3). 
4.4 Laboratory Work 
Two main types of laboratory investigations were conducted; physical and chemical soil properties tests in addition 
to Diffusion setup analyses with regard to nitrate concentration analyses. 
4.4.1 Physical and Chemical Soil Properties Tests According to the DIN-Norms 
Various physical laboratory tests were performed on soil samples to measure different soil properties. Some soil 
properties are intrinsic to the composition of the soil matrix and are not affected by disturbing the soil sample, while 
other properties depend on the structure of the soil as well as its composition, and can only be effectively tested on 
relatively undisturbed samples. All performed physical tests of soil were conducted according to the DIN-Norms 
(Deutsche Industrienorms; German Industry Standards). Various physical and chemical soil properties tests are listed 
in table (4.1). 
4.4.2 Applied ETI Concept Using A Diffusion Setup 
4.4.2.1 Description of the Diffusion Setup 
The developed Diffusion setup in this study is an experimental unit that applies the ETI concept. This concept simply 
represents a mass balance model that characterizes pollutant transport such as nitrate in the subsurface system 
reaching to groundwater by determining the main transport parameters. These parameters are mainly represented 
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Figure 4.2: Procedure of excavation undisturbed soil samples; figure (4.2.a) shows soil excavation at depth 
around 30 cm by a spade, figure (4.2.b) shows fixing the soil plate and soil core cylinder, figure (4.2.c) shows 
setting a driving cap and start digging by hammer, figure (4.2.d) shows continuing digging until reaching the 
required depth, figure (4.2.e) shows grabbing the soil core cylinder filled with an undisturbed soil sample and 
figure (4.2.f) covering the soil core cylinder for transport. 
 
 
4.2.a 4.2.b 
4.2.c 4.2.d 
4.2.e 4.2.f 
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Table 4.1: Various performed physical and chemical soil properties tests for different soil samples 
Physical and chemical coil properties tests DIN-norms no. 
Kind of soil 
sample 
Time of performing 
Water content (mass %) 18121 Disturbed Directly after soil sampling 
Bulk density (g/cm3) 18125-1 Disturbed Directly after soil sampling 
Particle density (g/cm3) 
18124 Disturbed Not obligatory directly after 
soil sampling  
Soil texture, combination between sieving and 
hydrometer analyses 
18123 and 14688-2 Disturbed Not obligatory directly after 
soil sampling 
Organic matter content (mass %) 
18128 Disturbed Not obligatory directly after 
soil sampling 
Soil permeability (m/s), combination between 
the Triaxial Cell and falling water level (head) 
in a standing pipe 
18130-1* and 18130** Undisturbed Not obligatory directly after 
soil sampling 
Porosity 
Calculated based on bulk density and 
particle density values 
- Not obligatory directly after 
soil sampling 
Carbonate content (mass %) 
18129 Disturbed Not obligatory directly after 
soil sampling 
Total nitrogen content (mg/kg) 
CN analysator Disturbed Not obligatory directly after 
soil sampling 
Inorganic nitrogen content; NO3- and NH4+ 
(mineral nitrogen) (mg/kg) 
Combination between DIN 19746 
and 1.14773.0001 spectroquant NO3- 
test and 1.14752.0001 and 
1.14752.0002 spectroquant NH4+ test. 
Disturbed Not obligatory directly after 
soil sampling 
              *: Applied for Triaxial Cell experiment, **: Applied for falling head in a standing pipe experiment. 
Methodology 
67 
 
 
 
 
Figure 4.3: Spatial distribution of soil samples locations with respect to the combined topography maps of Schwlamtal/Nettetal (study area). The study area 
constitutes the lower part of Nettetal topography map and the upper part of Schwalmtal topography map. 
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by the values of nitrate sorption, nitrate sorbed ratio and nitrate retardation (section 5.1). More details about the ETI 
concept are described in section (2.2.5). 
The current experimental setup consists of many items. The Diffusion Cell is considered as the main part of the body 
of this configuration. As shown in figure (4.4) the Diffusion setup consists primarily of two feeding reservoirs; one 
is filled with distilled water and the other with nitrate solution of certain concentrations (25, 100 or 250 mg/L) 
respectively to the inquired experiment phase. Distilled water and nitrate solution from both feeding reservoirs are 
lifted by the first peristaltic pump to feed the two feeding cylinders; one is for receiving the lifted distilled water 
and the other for the lifted nitrate solution until a certain height to keep a constant value of hydraulic head (ignored 
hydraulic head). Therefore, discharging lateral outlet of each cylinder is fixed to bring back the extra distilled water 
and nitrate solution. The operation rate of the first peristaltic pump is set during the whole running period at the same 
value of 23.6 ml/min. This value is enough to fulfill the daily capacity of Diffusion Cell chambers capacity. Because 
of the exerted pressure by the weights of distilled water and nitrate solution on the cylinders bottoms, the distilled 
water and nitrate solution flow to the Diffusion Cell (Diffusion Cell is described thoroughly in the next paragraphs). 
The nitrate solution flows to the cell body through the upper side of the cell to ensure applying the real simulation of 
adding nitrogen fertilizer on the soil surface and the distilled water flows to the lower side of the cell. After 24 hours 
of detention time enough for contacting the nitrate solution and distilled water with the slice of soil specimen, the 
penetrated nitrate solution and mixed solution (nitrate solution and distilled water) flow out of the cell due to suction 
action by the second peristaltic pump of 57 µl/min. operation rate. The other function of this pump is to raise ahead 
the extra nitrate solution and the mixed solution, each to the respective collection cylinder, which then flow from 
lateral outlets into two collection reservoirs. Two samples of liquids; nitrate solution sample and mixed solution 
sample that are collected from the collection reservoirs, are ready for nitrate concentration analysis otherwise they 
must be stored at 4°C in order to hinder formation of microbial growth.  
The Diffusion Cell mainly consists of three parts that can be compiled with each other (figure 4.5). The first part is 
the bottom (lower chamber of the cell) in which the distilled water and nitrate solution meet together (figure 4.5 a). A 
transparent PVC ring is installed on the upper ridge of the lower chamber (figure 4.5 b). This ring is contributed as 
the sitter of the soil sample. Before setting the soil sample within this ring, a filter plate should be fixed to act as 
upper cover of the lower chamber and the lower bottom of the PVC ring (figure 4.5.c). An undisturbed soil sample 
slice has 1 cm thickness is then set fixed inside the PVC ring (figure 4.5.d). 
The second main part is a circular hollow layer that has two metal rods on both sides (figure 4.5.e). The function of 
this part is acting as pillar of the different parts of the cell body and to combine between the lower part (bottom) and 
the upper part of the cell (piston). The third part stand for a piston enclosing the upper side of the soil sample (figure 
4.5.d.1). The lower edge of this piston allows another filter plate to be placed there (figure 4.5.d.2). The empty place 
enclosed between the piston and the second filter plate form the upper chamber of the Diffusion Cell that is made up 
to comprise the nitrate solution during contacting period with the soil slice and then discharge the extra amount of  
 
Methodology 
69 
 
 
 
 
 
Figure 4.4: Scheme of the developed Diffusion setup in the current study illustrating its main parts.
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Figure 4.5: Consequence of Diffusion Cell configuration by illustrating its main parts. 
 
4.5.a 4.5.b 
4.5.c 4.5.d 
5.4.e 5.4.f 
1 
2 
 3 
4 
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nitrate solution out of the cell towards the collection reservoirs (figure 4.5.d.3 and 4.5.d.4). The second filter plate 
ensures permeating the nitrate solution to the soil slice without contaminating the extra nitrate solution (flows out 
from the upper side of the Diffusion Cell) with the soil particle. The same function is also assigned for the first filter 
plate which ensures permeating pure liquids of soil particle to the lower chamber of the Diffusion Cell. 
In order to connect the various parts with each other, Polyurethane tubes and tubes binders of Polypropylene were 
used. To ensure sealing up of different parts in the cell (around the filters plates) and at the bottoms of the feeding 
and the collection reservoirs, rubber rings (o-rings) were also inquired. Four screws are also installed in the body of 
the Diffusion Cell after compiling its whole parts with each other (figure 4.5.f.4). Two-ways valves are also used to 
bind between the main connections in the Diffusion setup in order to control flowing the liquids by pausing it for 
many minutes mainly in the case of liquids sampling or leaking, if it happens. The nitrate solutions of different 
concentrations (25, 100 and 250 mg/L) were prepared from solid particle of the chemical material of sodium nitrate 
(NaNO3). The different nitrate concentrations that were assigned and applied in the experimental setup represent the 
average nitrate values known in the study area for different types of crops and irrigation systems in the point of view 
of hydrological experts.  
4.4.2.2 Adjustments Inserted to the Developed Diffusion Setup 
Adjustments inserted to the developed setup (Diffusion Cell) in the current study (figure 4.4) solve the problems 
respective to the configuration of the Advection Diffusion setup, as Aljazzar (2010) stated. The configuration of the 
Diffusion setup surpassed that of the Advection Diffusion setup through investigating its problems and then fixing it 
by performing many trial setups until deciding the final configuration/form of the Diffusion setup. The Diffusion 
setup was adopted in this study after proving its results which showed high reliability and capability to conceptualize 
the ETI concept for nitrate transport. The adjustments were installed to the Diffusion setup to overcome the problems 
found by Aljazzar (2010) at the Advection Diffusion setup are discussed in the following: 
 Disinfection by H2O2 (3 % concentration) was conducted for all equipments used in the Diffusion setup. 
As a result, no microorganisms growth was formed on the top surfaces of soil slices. A growth of 
microorganism has been occurred on the upper surface of the analysed soil samples of the Advection 
Diffusion setup (figure 4.6); the study that has been conducted by the former researcher Aljazzar (2010). No 
attribution has been submitted by Aljazzar (2010) to the case of microorganisms growth which in turn has 
reduced the sorbed amount of nitrate due to consumption of these microorganisms for nitrate required in its 
growth process. Consequently this has caused inhibition for input and output nitrate fluxes to reach the 
breakthrough point (section 5.1). Therefore, it is believed that the used equipments in Aljazzar (2010) study 
have been just washed by normal tap water without disinfection, since nothing mentioned in his study 
respectively. In the setup of the current study, an inhibition of microorganisms growth was obtained due to 
the equipment disinfection and dimness the transparent equipments used in the Diffusion setup (discussed in 
the next point). 
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Figure 4.6: Image of the upper section of the soil slices installed within the respective section of the Advection 
Diffusion cells shows thin film of microorganisms growth on the top of the studied soil slices (Aljazzar, 2010). 
 The feeding cylinders and reservoirs, PVC ring of the Diffusion Cell, where the soil slice is installed, in 
addition to both types of collection cylinders and reservoirs were covered with aluminum foils. This was 
in order to obstruct penetration the sunlight or any light source, which encourage algal growth due to 
frequent addition of nitrate solution to the soil, to these equipments’ liquids. Light conditions affect directly 
the growing of algae because it needs light to manufacture their own food material by photosynthesis (Al-
Qasmi et al. 2012). It was remarked from the former setup of Aljazzar (2010) that these equipments have 
been just partially covered, which has led to clogging problems due to algal growth in some parts of his 
setup, consequently, the discharge of liquids within the Advection Diffusion setup have been negatively 
affected. Moreover, in the current study, another condition was taken into account is keeping the room 
temperature as outdoor temperature in order to conceptualize the field conditions. 
 
 Location of the second peristaltic pump was changed according to the Diffusion setup from that has been 
applied in the Advection Diffusion setup (figure 4.4) and figure (2.1.b), respectively. It is believed that 
installing the second peristaltic pumps between the feeding cylinders and the Advection Diffusion setup as 
Aljazzar (2010) has done has been not reasonable and not necessary because the liquids at this point would 
move to the body of the cell due to the exerted pressure by the weights of distilled water and nitrate 
solution. Subsequently, there would be no need for a pump to raise these liquids at that point. Therefore, the 
second peristaltic pump between the Diffusion Cell and the collection cylinders, as shown in figure (4.4) 
was installed, otherwise the liquids had no driving force to be lifted to the collection cylinders which has 
been one of the shortcomings on the Advection Diffusion setup that was overcome in the current setup. 
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 In the Diffusion setup, proved operation rates were set for the used peristaltic pumps. As mentioned 
before and shown in figure (4.4), the first pump was set at an operation rate that was enough to raise the 
liquids to the feeding cylinders. The second one was also set of an operation rate of that was proved to 
correspond with the capacity of the lower chamber of the Diffusion Cell that equals to 72 ml. This capacity 
represents the quantity of mixed solution of nitrate solution and distilled water that were daily discharged 
(flowed out) from the lower chamber towards the collection cylinders. The same case corresponds to the 
upper chamber and the nitrate solution flowed out. 
 
 In the Diffusion setup, undisturbed soil samples were prepared to be installed within the Diffusion Cells. 
Eight soil samples were pressed out from eight soil core cylinders (were taken from the field) as slices of 1 
cm thickness using the press-out device. Using undisturbed soil samples instead of disturbed soil samples as 
done by Aljazzar (2010), keep working with soil samples of similar field conditions such as bulk density 
instead of compressing the soil particles manually and then disturbing the property of soil bulk density. 
According to the equation (4.1), the mass of each undisturbed soil slice, which is required in determining 
the sorption isotherm (sections 5.1 and 5.3), was calculated as the following: 
 
                               Mass= Density (Bulk Density) x Volume…………………………….…..4.1 
Where:  
Mass = Mass of the soil slice (g) (section 5.1). 
Bulk Density = A soil property measured in (g/cm3) according to the DIN no. (18125-1) (table 5.2). 
Volume = Volume of soil core cylinder, (cm3). 
 
 
                    Volume of Soil Core Cylinder= Area of Circle x Height…………………………4.2 
 
Where: 
Area of circle= 3.14 x r2 , since r is the radius measured in cm2 and the area is measured in (cm2). 
Height: thickness of the soil slice of 1 cm. Thickness of 1 cm up to 5 cm can be installed, however, it is 
recommended to apply a soil slice thickness of 1 cm in average to reduce the time of experiment. 
Disturbed soil samples within the Advection Diffusion setup have been installed by Aljazzar (2010). The 
bulk density and the soil sample volume have been also required for preparing the respective mass of each 
soil sample in that setup. Then the mass has been calculated as in equation (4.1). The researcher has had to 
compress the respective soil samples manually by hand or other pressing equipment to achieve the soil 
sample thickness of 1 cm which means disturbing the natural distribution of air and solid soil particles. Such 
action changes one of the most important soil properties; bulk density and it may disturb the particle density 
of the soil as well. 
 The soil sample in each of the eight Diffusion Cells was continuously used after reaching the equilibrium 
state and not changed after reaching the breakthrough point (equilibrium state) at concentration of 25 mg/L 
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and at concentration of 100 mg/L. At concentration of 100 mg/L, the measured sorbed amount of nitrate at 
25 mg/L was considered as a part of the sorbed amount of nitrate at 100 mg/L. Respectively, at 
concentration of 250 mg/L, the measured sorbed amount of nitrate at 100 mg/L was taken into account and 
added to the sorbed amount of nitrate at concentration of 250 mg/L. Applying this concept corresponds to 
the main concept of sorption isotherm that states the higher is the concentration, the more is the sorbed 
amount of nitrate by dry unit mass of soil. 
 
 In the current study, the effect of hydraulic head was neglected in order to enhance the nitrate sorption 
property by sandy soil. As it is known the sandy soil has high permeability value which in turn shortens the 
detention time for nitrate solution to penetrate through the soil slice in the Diffusion Cell. By neglecting the 
effect of hydraulic head, the soil was better allowed to react with the nitrate solution. Practically, applying 
no difference head of 1 cm between the liquid level of feeding cylinders and collection cylinders was 
applied. The height difference has been assigned as 1 cm with regard to the thickness (height) of the soil 
specimen inside the Advection Diffusion setup (Aljazzar, 2010). However, to compensate the effect of 
advection in nitrate soption process, the advection parameter was determined based on performing physical 
tests; soil permeability (saturated hydraulic conductivity) tests of Triaxial Cell (DIN 18130-1) and falling 
head in a standing pipe (DIN 18130), in addition to utilizing the results of the Diffusion Cell. The simulated 
advection results are discussed in section (5.2). Various taken photos of the Diffusion setup for the eight soil 
samples are supplied in the appendix. 
4.4.2.3 Simulation of Contaminant Mass Transport 
Sampling from the two collection reservoirs; nitrate solution reservoir and mixed solution reservoir of nitrate 
solution and distilled water, was almost daily done for each of the eight Diffusion Cells during the whole experiment 
period until reaching the equilibrium state. The experiment period was variously extended according to the soil class 
of the analysed samples. For controlling, tests of pH and Electrical Conductivity were conducted for the collected 
solutions directly after sampling. nitrate concentration analyses were perfomed using Spectrophotometer device. The 
input nitrate flux (J(in)) and the output nitrate flux (J(out)) are calculated according to equations (5.1) and (5.2), 
respectively. Based on the mass balance concept, the sorbed amount of nitrate is calculated according to equation 
(5.3). To check the calculated sorbed amount of nitrate, the statistical software XACT is used to determine the 
enclosed area under input and output nitrate fluxes since this area represents the respective amount. 
The determined sorbed amount of nitrate for each soil sample is used for the sorption isotherm analyses. The 
intended plotted graphs of sorption isotherm analyses help in determining the best fit type of sorption isotherm; 
Linear, Freundlich or Langmuir. The curvilinear or nonlinear (form) of the drawn relationship between the sorption 
isotherm parameters of the analysed soil samples can give the evidence about the type of sorption isotherm that can 
precisely describe the sorption behavior of the samples. Thereafter, the retardation factor and other parameters of the 
best fit sorption isotherm type are also calculated for the samples from S1 to S8 (section 5.3). 
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The intended plotted graphs are utilized in order to determine the value of the maximum sorption capacity of soil 
(Smax) for any concentration within the range of 25-250 mg/L. The calculated Smax value, the values of initial 
dissolved concentration of nitrate in source (Co) and values of total content of the mobilized contaminant in the 
source (Qg) as taken from the Federal Statistical Office, Wiesbaden (DWSTATIS) (2014) are afterwards inserted in 
the mathematical model; the ETI Excel Tool program. This program is able to assign these values in addition to other 
data, such as infiltration rate (Sr), thickness of the source (vadose zone) (M) and bulk density (Bd), that are thought to 
play main rule in determining groundwater contamination of nitrate during a long prediction time of tens of years 
e.g. 50 years. The expected obtained results from this tool after data processing can essentially enable for forecasting 
the mean required lifetime for nitrate in the source to reach groundwater (Ω). Subsequently, the values of Ω are 
mainly utilized with the intrinsic groundwater vulnerability maps to determine the specific groundwater vulnerability 
maps using ArcGIS software. The complement of work flow procedure of mapping and quantification of 
vulnerability classes is illustrated in the next section (4.5). The ETI Excel Tool program has been configured using 
visual basic programing language and used for the first time by Lambarki (2006). The ETI Excel Tool program has 
to fit with the current version of Microsoft Excel (2010), otherwise, running time error will appear. Therefore, 
migration from MS Office 2003 to MS Office 2010 for the program was performed. 
4.5 Mapping and Quantification of Vulnerability Classes 
As the values of mean required lifetime for nitrate in the source to reach groundwater (Ω) are utilized with the values 
of depth to groundwater, a new map (map of total required lifetime for nitrate to reach groundwater) using the 
inverse distance weighted (IDW) interpolation method is derived. In particular, the map of depth to groundwater is 
required with the map of time per depth to derive a new additional map of total required lifetime for nitrate to reach 
groundwater with regard to depth to groundwater. The latest map represents the key mapped specific attribute of 
nitrate which is used to quantify the intrinsic vulnerability indices. Subsequently, compilation of this map with each 
of intrinsic map of standard DRASTIC, DRASTIC-Sorb.r and DRASTIC-S.Sorb.r is conducted. By compilations of 
these different spatial maps, the specific vulnerability map of quantifying the standard DRASTIC indices in addition 
to the specific vulnerability map of quantifying the modified DRASTIC-Sorb.r indices and the specific vulnerability 
map of quantifying the modified DRASTIC-S.Sorb.r indices are configured (section 7.5.2), in order for 
quantification of the intrinsic vulnerability indices. 
After achieving the quantified indices, comparison between the results of the specific vulnerability classes and the 
standard and the modified DRASTIC indices is conducted. The subjective numerical features that are addressed for 
the intrinsic vulnerability indices are being then quantified instead of being just qualitative descriptions.  
In order to perform the quantification approach, mapping of the seven DRASTIC parameters and the final standard 
DRASTIC model is configured (section 7.1). Afterwards, the impact of each of DRASTIC parameters, which create 
a significant variation on the resulted map of DRASTIC model, is mathematically interpreted by investigating it 
statistically (section 7.2). The results are supposed to show the degree of risk of contamination that originates from 
each of DRASTIC parameters. Thereafter, sensitivity analyses are conducted to evaluate the relative significance of 
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DRASTIC parameters and their influence on the resultant standard DRASTIC map (section 7.3). Two sensitivity 
approaches are applied to analyse the sensitivity of DRASTIC parameters: 
1. Map removal sensitivity analysis. 
2. Single parameter analysis. 
The overlay and index methods e.g. DRASTIC model have less emphasis on processes controlling groundwater 
contamination. Therefore, it is intended to modify the standard DRASTIC indices in order to improve its potentiality 
in detecting the real level of groundwater vulnerability. After investigating the yields of the experimental setup, 
which are conducted to derive specific attributes of nitrate such as sorbed ratio (Sorb.r), the outcomes of sensitivity 
analyses can lead to one or more of DRASTIC parameters that can be supposed to be adjusted by exploiting the 
Sorb.r attribute. More specifically, the DRASTIC parameter, which is adjusted, is supposed to have a poor 
correspondence between its real weight and theoretical weight values (section 7.3). In the current study two modified 
DRASTIC approaches are applied in order to improve the effectiveness of the standard DRASTIC groundwater 
vulnerability map (section 7.4). The two approaches are:  
1. Modifying the standard DRASTIC formula by subtracting the sorbed ratio from the standard DRASTIC 
vulnerability indices (DRASTIC-Sorb.r indices). 
2. Modifying the rating schemes of soil parameter in DRASTIC model using the sorbed ratio (DRASTIC-
S.Sorb.r indices). 
As DRASTIC is considered the most commonly used of the point count and matrix rating methods because of its 
easy-to-understand characteristics (Chen and Fu, 2003), the DRASTIC indices model is the used vulnerability rating 
method in this study. The main data sources and the required mode of processing applied using ArcGIS to configure 
each map of the seven DRASTIC parameters and then the final standard DRASTIC vulnerability map are illustrated. 
The application of DRASTIC model is based on available, multidisciplinary data as illustrated in figure (4.7) that 
gives an overview of used data source and mode of processing using ArcGIS for each parameter, which is also 
briefly described below. All data elements are defined to be spatially referenced by Germany Zone II and to map 
scale of 1:75000. 
The configuration of the seven maps of DRASTIC parameters; depth to groundwater (D), recharge rate (R), aquifer 
media (A), soil media (S), topography (slope) (T), impact of vadose zone (I) and hydraulic conductivity (C) in 
addition to the final standard DRASTIC map are illustrated as the following: 
Depth to groundwater (D): a raster file of depth to groundwater is generated utilizing the values of groundwater 
level. The distribution of the depth to groundwater parameter is established by subtracting the ground surface 
elevation from the average groundwater level of observation wells. Hence, these obtained values are interpolated by 
the kriging algorithm (Journel and Huijbregts, 1978) and a raster map is generated, then it is assigned rates for 
different ranges of the values (figure 2.29), and a weight of 5 based upon its relative significance in affecting the 
contaminant potential. All standard DRASTIC rates and weights are generally represented in figure (2.29) and table 
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(2.7), respectively. In particular, the applied rating in this study for each class of the seven parameters is defined by 
assigning it a proper rate value. 
Net Recharge (R): to construct the net recharge map, the net recharge values are calculated by subtracting the 
evapotranspiration from the rainfall value and then multiplied it by the rate of recharge. The variations in recharge 
rate of lands according to the type-of-use (agricultural, municipal or industrial) are determined in configuration the 
recharge map. The obtained net recharge values are used to develop the recharge map through classifying these 
values into ranges and assigning them rates from 1 to 10 and giving weight of 4. 
Aquifer media (A): based on the available geological cross sections, geological survey and drilled well logs data, 
the aquifer materials at Schwalmtal/Nettetal are defined. Therefore, using the digitized available information, the 
aquifer media is classified then rating map is generated and giving weight of 3. 
Soil media (S): based on soil maps and grain size analyses of excavated samples, the predominant soil types in the 
different locations in the study area are defined. The soil descriptions are used to generate grid layer of soil media 
and assign DRASTIC rates to all soil types and then weight of 2. 
Topography (slope) (T): the topography (slope) map is configured based on the digital elevation map (DEM). This 
map is used to obtain the slope degree by the spatial analyst surface tool. The slope map is then sliced into ranges 
and assigned rates ranging from 1 to 10. Thereafter, all of the assigned rates are multiplied with the specified weight 
value of 1.  
Impact of vadose zone (I): an available data of permeability is utilized to define the vadose (unsaturated) zone 
composition of the study area. The composition of vadose zone is interpolated by kriging method and classified into 
classes and then assigned each of them a rate and the weight value of 5, in order to configure the map of impact of 
vadose zone. 
Hydraulic Conductivity (C): The values of hydraulic conductivity are obtained according to variations of 
composition of the aquifer media which, in turns, define the specified values for each category of hydraulic 
conductivity. The rating distribution map of hydraulic conductivity in the study area is illustrated in a vulnerability 
map of the parameter. 
Final standard DRASTIC vulnerability map: the final DRASTIC vulnerability indices are determined by 
summing all the DRASTIC thematic parameters according to equation (2.11) using ArcGIS software. All of the 
included parameters are multiplied by its designated weighting factor and then the final intrinsic vulnerability map is 
generated. More general details and information about the main concept of DRASTIC model, its parameters’ rates 
and weights and how to calculate DRASTIC formula using ArcGIS software are illustrated in section (2.2.6). 
Furthermore, the primary outcomes of mapping and quantification of vulnerability classes and their interpretations 
are represented and deeply interpreted in unit (7). 
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Figure 4.7: Flow chart for methodology of groundwater vulnerability analysis using DRASTIC model in ArcGIS. The abreviation of equation (2.11) refers to 
Depth to groundwater (D), net Recharge (R), Aquifer media (A), Soil media (S), Topography (slope) (T), Impact of vadose zone (I) and hydraulic Conductivity 
(C). Whereas DVI is DRASTIC vulnerability index, w and r are the assigned weight and rate, respectively. 
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5 Results of the Diffusion Cell and Advection 
The seriousness and intractability of the problem of contaminated groundwater has led resource managers to pursue 
varied policies of prevention. Factors affecting the ability of contaminants such as nitrogen introduced at the land 
surface reaching groundwater as nitrate vary from place to place. One of the most important processes that is 
considered as a strong driving force to transport contaminants (as molecules, atoms and ions) within the unsaturated 
zone is Diffusion. This mechanism is the main responsible factor for particles movement from a place of higher to 
lower concentrations. It is caused by the Brownian movement and occurs as long as concentration gradient exists, 
even if the fluid itself is not moving. Since transport by diffusion is independent of the water movement and can be 
also exists against the water movement. As environmental concern, nitrate mass transport to groundwater arises as a 
hydrodynamic phenomenon which contributes input nitrate mass flux into the saturation zone. The related impact on 
groundwater quality is the adverse influence on which the current experimental approach is developed to simulate 
the related impact of nitrate transport. 
The excessive use of fertilizer in the agricultural systems of the study area is a crucial point in regard to the very 
mobile nitrate ion transport to the groundwater, in particular determining till which limit the suspected aquifers are 
vulnerable to nitrate component. Quantification the mass flux of this tenacious anion in the unsaturated zone is the 
strong environmental interest of our research which has not been undertaken before as a field process-based method. 
Many quantitative vulnerability approaches have been conducted on the basis of numerical simulations but the 
contamination scenarios have based on insufficient data bases lack to the influence of the geochemical-physico 
characteristic of the hydrogeological system. Subsequently, in the current study an experimental simulation setup 
was installed to obtain data about the NPS contaminant behavior (nitrate). These data were utilized in addition to the 
available hydrological data about the study area for assessing groundwater vulnerability and quantification the 
vulnerability index.  
To improve vulnerability assessment, more representative and informative indicators for specific vulnerability 
assessment to nitrate are required. The immediate contact between potential surface-applied nitrate and soil, the 
physical, chemical and biological characteristics of the soil are important conceptual considerations in our new 
approach for groundwater vulnerability assessment and for understanding nitrate reactivity and attenuation. Soil 
properties and chemical conditions most relevant for nitrate vulnerability assessment are thickness, texture, 
permeability, available water capacity, pH, organic matter content, soil sorption, clay content, bulk density and 
biological activity. In the current study the Diffusion setup was improved to quantify the groundwater vulnerability 
index encompassing asymptotic field conditions. 
5.1 Diffusion Results by the Diffusion Cell 
In this section, the results of the performed physical experiments are presented and discussed in order to guide us for 
more understanding about each of the Diffusion setups behavior that implicate soil samples of various soil classes. 
However, many physical characteristics are discussed together with the Diffusion Cell results at three different initial 
nitrate concentrations (25, 100 and 250 mg/L).  
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Eight undisturbed soil samples were taken from eight locations distributed in the study area. Figure (5.1) shows the 
map of sampling locations in the study area. The soil samples locations were chosen with regard to various soil 
classes as well as different agricultural practices. The conducted physical and chemical soil properties tests were 
undertaken according to the German Perinorm. In this unit, the results of the analysed properties of the selected soil 
samples show diverse deviation in their analysed geophysical and hydrochemical characteristics. 
The grain size analyses of the soil samples; the sieve analysis for coarse soil samples and the combined analysis for 
fine soil samples, were performed. The data obtained from these analyses were then processed using IDAT program 
and its outcomes are represented in mass percent of the grains as illustrated in table (5.1). The results refer to 
different soil classes; the first is ‘sandy silt, slight clay’ (samples no. 1 and 2), the second is silty sand (samples 
no. 3, 5, 6, 7 and 8) and the third is ‘silty sand, slight gravel’ (sample no. 4). Diversity of the soils classes affect 
the reactivity of soil solid particles participating in chemical reactions such as sorption, adsorption, cation exchange, 
precipitation, dissolution and oxidation/reduction. In addition, the physical properties of soils as porosity, 
permeability, ease of tillage and nutrient retention are affected. The capacity of nitrate sorption of each soil classes 
will be interpreted in this section. 
The results of bulk density tests of the examined soil samples vary based on the determined soil textures. Bulk 
density results give a good estimate of the porosity results which are negatively proportional. The results of bulk 
density, porosity and particle density are presented in table (5.2). Bulk and particle density are of greater importance 
in understanding the physical behavior of different soil classes especially the bulk density. Porosity (pore space), soil 
texture and organic matter content are factors affecting the results of bulk density where the results of particle 
density are negatively affected due to tending of the soil particles to be organized in porous grains accumulated to 
form aggregates when adequate organic matter content exists. The effect of organic matter content on particle density 
is apparently observed from the results of sample no. 7 possessing the highest value of organic matter content (6.5 
%) but the lowest particle density (2.56 g/cm3).  
The moisture content of undisturbed soil samples was determined as percentages. The water content of soils is an 
important characteristic in soil physics and is affected by soil texture and the content of organic matter. The organic 
matter content is typically less than 5 % of the total soil mass (Rose, 2004), can store even more water and nutrient 
ions per mass unit in comparison to its inorganic colloidal counterpart; the clay minerals. Therefore, if more organic 
matter will be the content in soil, the more mass will be the water content in soil. Figure (5.2) proves this relationship 
for the studied soil samples. Furthermore, the finer texture soil samples (1 and 2), containing clay, accumulate more 
organic matter content. The soil sample no. 7 is classified as silty sand texture and because of its high organic matter 
content, it is termed as ‘Torf feinhumus’ following the German classification, which means the peat, fine humus. 
Moreover, the visual inspection of high organic residues was a further indicator. Therefore, this sample is able to 
hold a considerable amount of moisture content as shown in figure (5.2). 
Continuous cultivation leads inevitably to increase the significant return of organic matter fraction to the soil with 
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Figure 5.1: Map of selected spatially distributed soil samples based on soil classes in the study area. 
                     .
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Table 5.1: Soil samples locations and the determined soil classes with the observed types of crops in the field. 
Sample 
no. 
Sample 
location 
Loction coordinate Percentage of grain size distribution 
using IDAT program and according to 
DIN no. 18123 
(%) 
Soil classes 
(Bodenarten in 
German) 
according to DIN 
no. 14688-2 
Type of 
crop  
Geographic system UTM system 
Y X Right Left 
1 Schwalmtal 
N  
51 16.969 
E  
6 18.277 
32 U 
0312031 
UTM 
5684726 
S: 56, fs’: 14, ms’: 11, cs’: 8, C’: 7, others: 
4 
sandy silt, slight 
clay 
corn and 
pasture 
2 Nettetal 
N  
51 18.611 
E 
6 19.041 
32 U 
0313033 
UTM 
5687736 
S: 62, fs: 22, ms’: 7, C’: 6, others: 3 
sandy silt, slight 
clay 
vegetables 
and beet 
3 Schwalmtal 
N  
51 15.773 
E  
6 11.543 
32 U 
0304123 
UTM 
5682803 
fs: 36, ms: 23 , S*: 34, others: 7 silty sand 
vegetables 
and beet 
4 Nettetal 
N  
51 18.230 
E  
6 14.432 
32 U 
0307653 
UTM 
5687232 
ms: 27,fs: 25, cs’: 9, S: 30, g’: 6, others: 3 
silty sand, slight 
gravel 
grass 
5 Schwalmtal 
N  
51 15.970 
E  
6 11.367 
32 U 
0303933 
UTM 
5683175 
fs: 45, ms: 25, S: 23, others: 7 silty sand 
remains of 
corn roots 
6 Nettetal 
N  
51 18.636 
E  
6 11.482 
32 U 
0304253 
UTM 
5688110 
fS: 47, ms: 28, S: 23, others: 2 silty sand pasture 
7 Schwalmtal 
N  
51 16.401 
E  
6 16.008 
32 U 
0309356 
UTM 
5683772 
fs: 30, ms: 31, cs: 12, S: 22, others: 5 silty sand grass 
8 Nettetal 
N  
51 18.800 
E  
6 14.630 
32 U 
0307920 
UTM 
5688276 
fs: 46, ms: 21, S: 28, others: 5 silty sand grass 
 
Soil Classes Nomenclatures: *: abundant, ‘ : slight, g: gravel, s: sand, fs: fine sand, ms: mittle sand, cs: coarse sand, S: silt and C: clay.  
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Table 5.2: Measured values of bulk density, particle density and porosity of the soil samples. 
Soil Class 
Sample 
no. 
Bulk Density 
(g/cm3) 
according to the 
DIN no. 18125-1 
Particle Density 
(g/cm3) 
according to the 
DIN no.18124 
Porosity 
(0-1) 
Sandy silt, slight clay 1 1.70 2.62 0.35 
Sandy silt, slight clay 2 1.52 2.61 0.42 
Silty sand 3 1.76 2.63 0.33 
Silty sand, slight 
gravel 
4 1.78 2.62 0.32 
Silty sand 5 1.63 2.64 0.38 
Silty sand 6 1.60 2.62 0.39 
Silty sand 7 0.90 2.56 0.65 
Silty sand 8 1.47 2.64 0.44 
 
 
Figure 5.2: Measured percentages of water (W.C.) and organic matter content (O.M.) of the soil samples according 
to the DIN 18121 and the DIN 18128, respectively. 
time. The consequences of this increase are reflected in a corresponding increase in the natural fertility or availability 
of nutrients of the soil and the physical characteristics of soil will be affected such as increasing of infiltration rate 
(Rose, 2004). 
Generally, the vulnerability assessment approaches consider the steady state boundary conditions on the basis of 
groundwater recharge and its intensity. However, transient groundwater recharge conditions are equally 
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important for the velocity of solute breakthrough at the boundary of the unsaturated zone to groundwater. Neukum 
et al. (2009) pointed out that the development and approaches of quantitative vulnerability indicators for protecting 
resource are still in its infancy. The developed new methodology (Diffusion Cell) can contribute in quantification of 
vulnerability classes through a mass transport scenario. 
The Diffusion Cell of each of the eight soil samples is working in stationary state condition, i.e., the initial 
concentration is kept constant throughout the experimental period (Fick’s First Law) at the first part of the setup. 
Then at the second part, the transient condition is considered (Fick’s Second Law) (figure 5.3). The stationary 
(steady state) condition that was applied at the first part of the setup insures the groundwater flow system 
conceptualization. Important factors for conceptualization of the groundwater system comprise hydraulic 
conductivity, transmissivity, direction of flow, input (input nitrate flux in the Diffusion Cell case), rates and 
mechanisms of infiltration and output (output nitrate flux of the Diffusion Cell). On the other hand, the transient 
condition is conceived to be represented through the Diffusion Cell setup illustrating the deviation of soil sorption 
capacity and to properly characterize nitrate transport from soil surface loading to subsurface. 
The adsorption of the non-metal anion contaminant nitrate is strongly affected by itself, since its removal is 
hampered by its low reactivity. More importantly, most natural and aqueous ambiences prefer nitrate as the more 
stable, soluble and conservative form of nitrogen. These characteristics encourage relatively rapid advective transport 
of nitrate. Furthermore, the adsorptive behavior is affected by the composition of soil organic matter and by the 
chemistry of solution though it does not have much affinity for soil particle owing to the negative charge.  
Whereas nitrate is generally regarded as more conservative solute, its pathway fate is known either to be retarded 
within the vadose zone or it accomplishes the route flowing into the groundwater system overrunning the water table. 
The Diffusion Cell is capable to simulate these field conditions in a laboratory dimension unit by determining the 
maximum sorption/retention capacity of a soil to nitrate after reaching the breakthrough point (A point where both 
curves of input nitrate flux and output nitrate flux cross each other). 
The samples of nitrate solution and mixed solution (nitrate solution and distilled water) were collected at 
definite time intervals from the collection reservoirs of the Diffusion Cell and analysed for the concentration of 
nitrate. Under the adsorptive scenario of nitrate, the diffusion parameter is described by the mass flux (J) which 
means that concentrations of nitrate input and nitrate output of certain volumes permeated within a certain cross 
sectional area of soil do not remain constant with time (equations 5.1 and 5.2). By thus constructed setup, the 
concentration gradient, the driving force of diffused nitrate solute transport through the soil sample specimen, is 
considered. The advection mechanism is another contaminant mass transport inducer controls the extent to which 
nitrate moves in groundwater. The experimental construction of Diffusion Cell neglects the effect of the hydraulic 
parameter; hydraulic gradient, utilized to estimate the advection parameter using Darcy Law (more clarifications 
about ignoring the advection component in the Diffusion Cell setup is clarified in section 5.2). However, the effect of 
the advection parameter is determined based on performing physical tests; soil permeability (saturated hydraulic 
conductivity) tests of Triaxial Cell (DIN 18130-1) and falling head in a standing pipe (DIN 18130), in addition to  
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Figure 5.3: The main body of the developed Diffusion Cell unit in correspondence to the parts working in stationary 
state condition (S) and the transient condition (T´). 
utilizing the results of the Diffusion Cell. The simulated advection results are discussed in section (5.2). 
After collecting samples from the solutions of the Diffusion setup, the nitrate concentrations in the collected 
solutions were analysed using spectrophotometer device (section 4.4.2.3). The flux entering and leaving the soil 
sample; the input and output nitrate fluxes, are continuously measured and calculated according to the equations 
(5.1) and (5.2), respectively:  
Input nitrate flux (J(in)) =
(C1 x V1 − C2 x V2)
Δt x A
=
(M1−M2)
Δt x A
=  
M(in)
Δt x A
 …………………..………5.1 
Output nitrate flux (J(out)) =
(C4 x V4)
Δt x A
=
(M4)
Δt x A
=  
M(out)
Δt x A
 ……………………………….….5.2 
Where: 
J(in) and J(out) = Input nitrate flux and output nitrate flux, respectively, measured in (mg/m2 x day). 
C1 = Prepared initial concentration of nitrate solution that flows into the cell body through the upper side of the cell 
and it is measured in (mg/L). 
V1 = Volume of nitrate solution that flows into the cell body through the upper side of the cell then the solution 
penetrates within the soil specimen and it is measured in (L). 
M1 = Mass of nitrate exists in the nitrate solution that flows into the cell body through the upper side of the cell and 
it is measured in (mg). 
C2 = Concentration of redundant nitrate solution that flows out of the cell body (upper side) toward the nitrate 
collection reservoir and it is measured in (L). 
V2 = Volume of redundant nitrate solution that flows out of the cell body (upper side) toward the nitrate collection 
reservoir and it is measured in (L). 
M2 = Mass of nitrate exists in the Nitrate solution that flows out of the cell body (upper side) toward the nitrate 
collection reservoir and it is measured in (mg). 
M(in) = Mass of nitrate enters the soil specimen and equals to M1 minus M2 and it is measured in (mg). M(in) can 
be also called as a mass of input nitrate flux. 
´ 
´ 
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C4 = Concentration of nitrate in the mixed solution that flows out of the cell body (lower side) toward the collection 
reservoir of mixed solution and it is measured in (mg/L). 
V4 = Volume of mixed solution (nitrate solution and distilled water) flows out of the cell body (lower side) toward 
the collection reservoir of the mixed solution and it is measured in (L). 
M4 = Mass of nitrate exists in the mixed solution that flows out of the cell body (lower side) toward the collection 
reservoir of the mixed solution and it is measured in (mg). 
M(out) = Mass of nitrate leaves the cell body from the lower side within the mixed solution toward the collection 
reservoir. M(out) is the same of M4 and measured in (mg). M(out) can be also called as a mass of output nitrate flux. 
Δt = Time duration starting from the last sampling (day). 
A = Effective cross sectional area of the soil sample (m2). 
 
The Diffusion Cell is composed based on the ETI concept which is a simple mass balance model describing 
contaminants transport as nitrate in the subsurface system. Using the ETI model, it is possible to assess the amounts 
of different contaminants that infiltrate downward to the subsurface system moving through the vadose zone to the 
groundwater. Emission parameter is defined as the rate at which nitrate enters the soil subsurface. Whereas 
Transmission represents a group of processes controlling nitrate transport in the subsurface system. Advection and 
hydrodynamic dispersion are the main processes controlling nitrate transport, in addition to other processes such as 
dilution, sorption, leaching, retardation, sorption and denitrification, since the last two processes are mainly 
controlled by nitrate concentration. Furthermore, the physical and biochemical properties of soil vary the retarded 
and transported amount of solute penetrated through the soil sample. Nevertheless the Immission parameter 
elucidates nitrate leaching into groundwater through the unsaturated zone (figure 5.4). 
The Transport parameter (T) of a certain contaminant in soil such as nitrate can be estimated practically using the 
Diffusion Cell. The estimation is represented by determination the amount of nitrate that can be retarded within the 
soil layers. The Diffusion Cells results will be utilized to estimate the nitrate sorption and retardation parameters of 
different soils through the sorption isotherms equations. Thus, the sorption isotherm parameters; total flow velocity, 
nitrate flux velocity and other retardation parameters as retardation factors are calculated. A necessity to determine 
the retardation factors is to apply three different initial nitrate concentrations, i.e., in the current study the results of 
the concentrations 25, 100 and 250 mg/L are deduced. 
Termination the lower concentration to allow the next concentration running through the soil specimen, i.e., 
shifting the operation scenario from the concentration of 25 to 100 mg/L or from 100 to 250 mg/L, requires to 
achieve the equilibrium state. When the input nitrate flux (J(in)) flows out within the soil sample to the collection 
reservoir without being even partially retarded, then it arguably soil reachs to equilibrium state or as it is known by 
the breakthrough point. The equilibrium state is expected to be compassed when the input nitrate flux (J(in)) and 
the output nitrate flux (J(out)) have the same values. The results of the drawn two curves of the input nitrate flux 
(J(in)) and the output nitrate flux (J(out)) show the point of intersection for both of them at the time of equilibrium. 
At this case the soil sample reached the equilibrium state. 
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Figure 5.4: Scheme of the Diffusion Cell Setup illustrating the main two driving force of nitrate transport within the 
soil specimen (diffusion and advection). C1 to C4 is the nitrate concentrations (mg/L). The developed cell is desig-
ned based on the ETI concept found in nature; E refers to emission of nitrate, T represents nitrate transmission in 
each layer of vadose zone composition and I indicates nitrate immission in another further layer until reching to 
groundwater. 
Eight different soil samples were investigated by use of three different nitrate concentrations (25, 100 and 250 
mg/L). Each cell was hold by constant nitrate concentration until the equilibrium state occurred. The process started 
with an initial nitrate concentration of 25 mg/L and after reaching the soil sample the equilibrium state then the initial 
nitrate concentration was converted to 100 mg/L and respectively at the second equilibrium state the initial nitrate 
concentration was converted to the last initial nitrate concentration of 250 mg/L. 
In this study, there is no attempt to separate the transport processes (retardation, sorption, dilution, leaching, 
denitrification, chemisorption, diffusion, advection, absorption, ion exchange and physical and biochemical 
properties) but the term sorption is used to simply indicate the overall result of the various processes. The terms of 
nitrate sorbed ratio and nitrate retardation are also used to represent the Diffusion Cell results. Consequently, three 
parameters of nitrate sorption, sorbed ratio and retardation are considered to express the nitrate transport in the 
Diffusion Cell setup. The term of nitrate sorption is assumed to illuminate the attached amount of nitrate, within the 
one layer soil specimen, either by absorption, adsorption or ion exchange processes. This term is determined in the 
current study in mg (table 5.8). Furthermore, the nitrate sorbed ratio is used to express the ratio of mass of sorbed 
E E 
T 
I 
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nitrate to the mass of soil specimen (figures 5.34, 5.35 and 5.36). Moreover, the nitrate retardation is a typical 
idiom expressed and determined always through analytical and numerical simulation of the convective-dispersion 
equation for example or through sorption isotherms equations (tables 5.9 through 5.16). The nitrate retardation and 
nitrate sorbed ratio are determined as dimensionless factor and dimensionless ratio, respectively. 
The sorption behavior of nitrate depends on the soil texture, nitrate concentration, clay minerals and the organic 
matter content. Mathematically, to illustrate the sorption behavior of nitrate anion within the soil sample, graphs of 
nitrate fluxes against time are plotted. For all samples, equilibrium was reached in varied interval times as illustrated 
in figures (5.6) through (5.29). Note that, it is referred hereafter shortly for the samples numbering as S1 for sample 
no. 1 and S2 for sample no. 2 until sample no. 8 and each of them refers to a certain soil class as illustrated in table 
(5.1). The flux entering and leaving the soil sample; the input and the output nitrate fluxes, respectively, were 
estimated at the different three concentrations based on both equations (5.1) and (5.2). The two curves created 
according to the values estimated from the former equations form an enclosed area in between which represents the 
amount of nitrate sorbed within the soil body. 
 
The sum of the difference between the M(in) and M(out) results in the mass of sorbed nitrate (enclosed area between 
the input and output nitrate fluxes curves). Equation (5.3) refers to the calculated mass of sorbed nitrate (M(sorb)). 
 
                            M(sorb)= M(in) – M(out)+ ΔM = ∑(C(in) x V(in) – C(out) x V(out) + ΔMn)…………..5.3 
Where: 
M(sorb) = Sorbed mass of nitrate (mg). 
M(in) = Mass of input nitrate flux (mg). 
M(out) = Mass of output nitrate flux (mg). 
ΔM = Difference in mass of Nitrate (mg). 
C(in) = Concentration of Nitrate input solution (mg/L). 
V(in) = Volume of nitrate input solution (L). 
C(out) = Concentration of nitrate output solution (mg/L). 
V(out) = Volume of nitrate output solution (L). 
t = Time duration of starting the experiment from 0 until n (day). 
 
Sorption quantity was mathematically calculated based on the mass balance concept (equation 5.3). Statistically, the 
XACT software was used to obtain the area enclosed under the input and the output nitrate fluxes curves (figure 5.5) 
as another option to calculate the sorbed amount of nitrate. The observed difference between the values of sorption 
quantity calculated by the two methods was negligible. 
 
t=0 
n 
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Figure 5.5: Statistical program XACT for determining the area under the nitrate mass flux curves. This shows four screenshots of the major command windows. 
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It was observed that the curve of output nitrate flux superfasts at the beginning of the experiment very strongly 
(figures 5.6 through 5.29). After that, it flattens out and approaches the curve of input nitrate flux asymptotically. 
Then, both curves cross each other at a certain time and a certain value when the equilibrium state is reached. At the 
breakthrough point the values of input nitrate flux and the output nitrate flux are equal. Practically, at the equilibrium 
point the soil specimen could not sorb more nitrate because it is saturated with nitrate in dependence of the running 
nitrate concentration. This means at this point the nitrate flux enters (input nitrate flux) the soil specimen will 
penetrate within the soil specimen without retardation. The reason behind the rapid soaring of output nitrate flux 
curve is imputed to the high difference of concentration gradients especially at the starting time of the experiment, 
subsequently, retaining nitrate at this time is very high. As long as the ionic contaminant has a greater affinity for the 
solid surface than for already adsorbed ions, retardation will occur. Once the exchangeable sites on soil surfaces are 
filled, the contaminant will pass without retardation. 
 
Figure (5.17) shows the difference between the two types of fluxes which is at the beginning of the experiment very 
high and the curve of output nitrate flux begins to ascend starting from the 1st day until the 15th day. Then it flattens 
out to reach the breakthrough point at the 43th day where it crosses the curve of input nitrate flux. The curve of input 
nitrate flux refers to the redundant nitrate flux which leaves the Diffusion Cell from the upper chamber without being 
completely contacted with the soil body. A slight decrease could be detected in the nitrate concentrations of the 
samples taken from the redundant input nitrate flux. This can be attributed to a slight contact with the soil specimen 
body, forfeiture in the cell parts such as tubes, connectors and reservoirs or underestimating the nitrate 
concentrations of these samples analysed by spectrophotometer. 
 
The difference between the sorption capacities for the respective soil classes at the different nitrate concentrations is 
recognizable. For the S1, the breakthrough points were at 40, 49 and 62 days for the concentrations 25, 100 and 250 
mg/L, respectively (figures 5.6, 5.7 and 5.8). The required times to achieve S1its breakthrough points were 
asymptotic for that at the S2. The S2 needed to reach its breakthrough points 42, 51 and 65 days at the concentrations 
of 25, 100 and 250 mg/L, respectively (figures 5.9, 5.10 and 5.11). A similarity in the two samples behaviors which 
can be imputed to the similar soil texture (‘sandy silt, slight clay’) is observed. 
The S3, S4, S5, S6 and S8 show asymptotic behavior to reach the equilibrium state at the three concentrations. It is 
remarked from the former samples behaviors at the different concentrations that the equilibrium conditions occurred 
much earlier than in the other investigated soil samples. At concentration of 25 mg/L the S3, S4, S5, S6 and S8 
attained the breakthrough points at 27, 26, 22, 21 and 17 days, respectively (figures 5.12 through 5.16). At 
concentration 100 mg/L, the former samples reached the equilibrium at 46, 41, 34, 34 and 27 days, respectively 
(figures 5.17 through 5.21). At concentration 250 mg/L the former samples reach to a similar input and output nitrate 
fluxes values in an identical chronological array for the last two concentrations as the following: 61, 58, 45, 47 and 
38 days, respectively (figures 5.22 through 5.26). The samples S3, S5, S6 and S8 have the same soil texture (silty 
sand). Although S4 is classified as ‘silty sand, slight gravel’, the percent of gravel in the soil sample is too small 
reaches to 6 %. All the former mentioned samples have relatively the same content of clay and organic matter 
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content in addition to almost similar soil texture which attributes the asymptotic behavior to reach the equilibrium 
point.  
The last sample is S7 which lasted 47, 65 and 85 days at the concentrations of 25, 100 and 250 mg/L, respectively, to 
acquire equilibrium (figures 5.27, 5.28 and 5.29). This silty sand sample has the highest content of organic matter 
and classified as peat, fine humus, which imputes apparently the relatively long time to reach the breakthrough point. 
The higher is the organic matter content, the more is the soil ability to sorb nitrates. In this case, soil needs relatively 
longer time to reach the breakthrough point (equilibrium state) (figures 5.30, 5.31 and 5.32). 
The attained reults represented in the figures (5.6) through (5.29) show difference in nitrate sorption values for the 
analysed samples of different soil classes. This is attributed to the fact that these soil samples have different clay 
ratios and possibly different kinds of clay minerals, in addition to uneven contents of organic matter. The 
samples order according to the total retarded amounts of nitrate is as the following:  
S7 >  S1 >  S2 >  S3 >  S4 >  S6 >  S5 >  S8 
And the order of the soil samples in accordance to clay content is as the following: 
S1 >  S2 >  S7 ,  S3 ,  S4 ,  S5 ,  S6 ,  S8 
On the other hand the organic matter contents of the soil samples are as the following: 
S7 >  S1 >  S2 >  S5 ,  S8 >  S6 >  S4 >  S3 
From the last three characteristics orders, the significant relationship between the soil sorption capacity and the soil 
contents of clay and organic matter is emphasized. The higher is the clay content and/or organic matter, the higher is 
the sorbed amount of nitrate by the soil sample. This relation is congruent with the results exhibited in the former 
three arrangements for S7, S1 and S2 until S8. The S3 has the lowest readings of clay and organic matter contents, 
however, it has not the lowest retarded amount of nitrate but it is considered in the range of low retarded amount of 
nitrate respectively to the retarded amount of other studied soil samples. The higher sorption occurs within the soil of 
high organic matter due to the greatest number of binding sites provided by chemically active organic matter because 
of its extremely large specific surface area and various chemically reactive functional groups. The organic matter 
values of the examined samples are illustrated in figure (5.2). 
Depending on the selected concentrations of nitrate 25, 100, 250 mg/L, the corresponding amounts of sorbed nitrate 
are changing (figure 5.33). With increasing concentrations of nitrate solution, the ability of sorption of soil increases. 
This can be assigned for the sorption isotherm theory, which states that the higher is the adsorbate (nitrate) 
concentration, the more is the adsorbent (soil specimen) sorption capacity (Fetter, 1999; Lambarki, 2006). 
Furthermore, there is no necessity for the soil sample at higher concentrations to spend less time to reach the 
breakthrough point although the sorbed amount of nitrate is higher; the enclosed area between the two curves is 
bigger.  
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Figure 5.6: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 1 at 
concentration 25 mg/L. 
 
Figure 5.7: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 1 at 
concentration 100 mg/L. 
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Figure 5.8: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 1 at 
concentration 250 mg/L. 
 
Figure 5.9: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 2 at 
concentration 25 mg/L. 
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Figure 5.10: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 2 at 
concentration 100 mg/L. 
 
Figure 5.11: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 2 at 
concentration 250 mg/L. 
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Figure 5.12: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 3 at 
concentration 25 mg/L. 
 
Figure 5.13: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 4 at 
concentration 25 mg/L. 
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Figure 5.14: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 5 at 
concentration 25 mg/L. 
 
Figure 5.15: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 6 at 
concentration 25 mg/L. 
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Figure 5.16: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 8 at 
concentration 25 mg/L. 
 
Figure 5.17: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 3 at 
concentration 100 mg/L. 
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Figure 5.18: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 4 at 
concentration 100 mg/L. 
 
Figure 5.19: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 5 at 
concentration 100 mg/L. 
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Figure 5.20: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 6 at 
concentration 100 mg/L. 
 
Figure 5.21: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 8 at 
concentration 100 mg/L. 
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Figure 5.22: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 3 at 
concentration 250 mg/L. 
 
Figure 5.23: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 4 at 
concentration 250 mg/L. 
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Figure 5.24: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 5 at 
concentration 250 mg/L. 
 
Figure 5.25: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 6 at 
concentration 250 mg/L. 
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Figure 5.26: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 8 at 
concentration 250 mg/L. 
 
Figure 5.27: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 7 at 
concentration 25 mg/L. 
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Figure 5.28: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 7 at 
concentration 100 mg/L. 
 
Figure 5.29: Relationship between input (J(in)) and output (J(out)) nitrate fluxes with time for sample 7 at 
concentration 250 mg/L. 
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Figure 5.30: Relationship between time and the accumulated sorbed amount of nitrate by the analysed soil 
specimens at concentration 25 mg/L. 
 
Figure 5.31: Relationship between time and the accumulated sorbed amount of nitrate by the analysed soil 
specimens at concentration 100 mg/L. 
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Figure 5.32: Relationship between time and the accumulated sorbed amount of nitrate by the analysed soil 
specimens at concentration 250 mg/L. 
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Figure 5.33: The variation of sorbed amount of nitrate (mg) of the different texture soil samples by diffusion at the 
different nitrate concentrations (25, 100 and 250 mg/L). 
The mass of analysed soil specimen according to the value of bulk density for each soil sample were calculated 
(equations 4.1 and 4.2). The masses of soil specimens are shown in table (5.3). The determination of masses of the 
soil specimens leads to estimate the sorbed ratios of the different soil samples (figures 5.34, 5.35 and 5.36). This 
characteristic affords a direct indicator to estimate the sorption capacity of a specified soil specimen to sorb nitrate.  
The results indicate that the silty sand soil sample (S8) has the lowest value of the sorption capacity for the three 
different nitrate concentrations, whereas the silty sand sample (S7) shows the highest sorption capacity at the same 
concentrations. This outcome agrees with the literature stated that if more sandy will be the soil, the lower will be the 
retardation factor and the sorption capacity (Black and Waring, 1979; Cahn et al. 1992; Gaines and Gaines, 1994; 
Pathan et al. 2002; Koehler et al. 2006; Sansoulet et al. 2007; Maeda et al. 2008). 
The chosen methodology (described in unit 4) of the current study hindered formation of a thin layer of microbial 
film in contrast to the former study conducted by Aljazzar (2010) (figure 5.37.a and 5.37.b). Consequently, 
difficulties of inhibiting reaching the breakthrough point for the fine soil texture samples were not faced. Formation 
of the microbial film in the study of Aljazzar (2010) has reduced the observations of output nitrate flux, therefore, a 
sequent problem represented by hindering reaching the fine soil samples to the equilibrium condition has been found. 
Therefore, the former researcher was obliged to assess sorption capacity and the retardation parameter of the fine  
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Table 5.3: The calculated masses of soil specimens used in the Diffusion Cells and the measured values of bulk 
density. 
Soil 
sample 
 
Mass of soil specimen 
used in the Diffusion Cell 
according to equations 
(4.1 and 4.2) (kg) 
Bulk density 
(g/cm3) 
S1 0.1312  1.70 
S2 0.1169  1.52 
S3 0.1359  1.76 
S4 0.1368  1.78 
S5 0.1265  1.63 
S6 0.1230  1.60 
S7 0.0694  0.90 
S8 0.1131  1.47 
texture soil samples using analytical solution of the mathematical equation (advective-dispersion equation) to 
investigate nitrate transport in his setup (Advection Diffusion setup) (Aljazzar, 2010). 
In a real field situation, the sorption duration would be longer if there is any redox reaction. As this would diminishes 
the nitrate concentration allowing for longer sorption until nitrate will reach the groundwater table. In the current 
study, the reduced spieces of nitrogen were checked and it was found no evidence for nitrate reduction. This could be 
attributed to the disinfection process that has been done for the equipments used. 
In this study, a new technique is developed based on the concept of complementary diffusion capacity. This concept 
represented in continuing the permeation of a higher nitrate solution concentration within the soil specimen even 
after reaching the breakthrough point at the lower nitrate solution concentration. The principle of the Fick’s First 
Law (equation 2.3) is being applied. This law states that the mass of fluid diffusing is proportional to the 
concentration gradient. Moreover, at low concentrations, once the adsorbate permeates through the soil specimen, it 
utilizes the easiest sites on soil surfaces to react and combine with it. These sites are characterized by higher 
activation energy (Sperelakis, 2012). 
Parameters such as the total nitrogen content, i.e. organic and inorganic nitrogen content, and total carbon 
content, i.e. organic and inorganic carbon content of soils play significant role in defining the nitrate sorption 
capacity in soils. The examined soil samples show high content of total nitrogen content and organic nitrogen content 
particularly in sample no. 7 (S7) which is followed by S1 and S2 (table 5.4). The high value of total nitrogen and 
organic nitrogen contents of S7 is attributed to the soil type as humus that promotes nitrogen immobilization in soil 
(Donahue et al. 1977). As a field observation, it was remarked that the place where this sample was taken had no 
tillage practice at least in the same season of taking the sample, since keeping the soil without tillage maintains more 
nitrogen at the upper soil. This is because most of organic matter, which can be later decomposed to nitrate,  
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Figure 5.34: Sorbed ratio (ratio of mass of sorbed nitrate to mass of soil specimen) at concentration 25 mg/L. 
 
 
Figure 5.35: Sorbed ratio (ratio of mass of sorbed nitrate to mass of soil specimen) at concentration 100 mg/L. 
 
 
Figure 5.36: Sorbed ratio (ratio of mass of sorbed nitrate to mass of soil specimen) at concentration 250 mg/L. 
accumulate on the earth’s surface. The clay content of S1 and S2 explain their relatively high nitrogen content which 
is more sequestered in clayey soil. The symbolized diagram (figure 5.38) illustrates a positive relationship between 
the soil total nitrogen content and the sorbed amount of nitrate. The more is the clay content of soil, the more is the  
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Figure 5.37: Images of the upper section of the soil slices installed within the respective section of cells; figure 
(5.37.a) shows no formation of microorganisms growth on the top of the studied soil slices of the Diffusion Cells in 
the current setup (Diffusion setup), and figure (5.37.b) shows thin film of microorganisms growth on the top of the 
studied soil slices of Advecion Diffusion Cells (Aljazzar, 2010). The figure (5.37.a) was directly taken after breaking 
down the Diffusion setup. 
Table 5.4: The results of inorganic (NO3- and NH4+) and organic nitrogen content. 
Sample 
no. 
Total nitrogen content 
Inorganic nitrogen 
Organic 
nitrogen 
(mg/kg) 
NO3- 
(mg/kg) 
NH4+ 
(mg/kg) 
S1 41 99 910 
S2 43 92 895 
S3 232 139 479 
S4 167 62 581 
S5 203 174 513 
S6 116 81 343 
S7 86 170 1974 
S8 95 41 254 
5.37 a 5.37 b 
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Figure 5.38: The total nitrogen content and the sorbed amount of nitrate by diffusion. 
total nitrogen content of soil as the case of S1 and S2. Moreover, the more is the organic matter of soil, the more is 
the sorbed amount of nitrate as the case of S7. 
Total carbon content of the soils represented as organic and inorganic carbon content are shown in table (5.5). The 
S7 has the highest total carbon content whereas S8 shows the lowest content which directly proves the amount of 
nitrate sorbed either by S7 or S8 (figure 5.39). Carbon content of organic origin represents a forthright index to the 
organic matter content in soils. Subsequently, the nitrate sorption behavior of soil samples that is positively related to 
the carbon content, is apparent. The majority of total carbon content in soil samples is composed just from organic 
carbon. This refers to organic sources that produce carbon as an approximation of the level of once-living or 
decomposed matter. 
5.2 Simulated Advection Results 
Advection is a transport mechanism which is considered in addition to the hydrodynamic dispersion (molecular 
diffusion and mechanical dispersion) as the main driving force controlling nitrate transport in the subsurface system. 
Besides the diffusion process discussed in the former section, transport by advection was also considered. Advection 
will not cause a serious amount of mechanical dispersion because of the short length of flow path in the experiment. 
Mechanical dispersion was not considered here although it may contribute to transport contaminant in field scale. 
The one-dimensional mass flux is traveling at the same rate as the average linear velocity of the groundwater 
(advection) and because it is governed by hydraulic principles it can be calculated using Darcy’s Law. The mass 
flux is also governed and can be calculated using the hydraulic principles. However, it was decided to unhand the  
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Table 5.5: The results of inorganic and organic carbon content. 
Sample 
no. 
Total carbon content 
Inorganic 
carbon  
(mg/kg) 
Organic 
carbon 
(mg/kg) 
S1 8500 3760 
S2 0 10750 
S3 0 10390 
S4 0 10770 
S5 0 12170 
S6 0 6940 
S7 0 31490 
S8 0 7400 
 
Figure 5.39: The total carbon content and the sorbed amount of nitrate by diffusion. 
advection configuration while composing the Diffusion setup instead of Advection-Diffusion setup. According to 
equation (5.4), the one-dimensional flow of a unit cross-sectional area of the porous media per unit time depends on 
the average linear velocity, concentration of solution and the effective porosity of media (Schulze-Makush and 
Cherkauer, 1998). Subsequently, the advective force is soil class dependent.  
                                                                                              J= v x C x ne……………………………………………………….5.4 
Where: 
J = Mass flux per unit area per unit time (mg/m2 x day). 
v = Average linear groundwater velocity in the direction of flow (m/day). 
C = Concentration in mass per unit volume of solution (mg/L). 
ne = Effective porosity of media (dimensionless fraction between 0 and 1). 
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More specifically, our previous trials scenarios confirmed that embedding the hydraulic principle represented by 
hydraulic gradient to the sandy soil samples within the Diffusion Cell setup can underestimate the sorbed amount of 
retarded nitrate. The underrating is attributed to high percentage of interconnected pore space in sandy soils 
(effective porosity) (table 5.6); the case allows the solution to spend less detention time within the soil medium 
without achieving the conceptualization characteristics that conceive the natural system. Moreover, the flowing 
solution in sandy soils may exceed the laminar flow in prospect to transition turbulent flow. However, it is stated 
that the advection influence in the Diffusion Cell setup can be also accurately determined in regards to separate 
measured hydraulic properties in the laboratory. 
Notwithstanding that the Diffusion Cell laboratorial configuration neglects the hydraulic head component to estimate 
the advection parameter, the mass flux transported due to the advective mechanism is determined. The influence of 
the hydraulic principles to migrate the dissolved nitrate constituent by advection was compensated through 
performing a group of experimental tests; either by the hydraulic conductivity tests or concentration parameters of 
the Diffusion Cell. They offer the main parameters for calculation the advection parameter without configuring 
advection in the Diffusion setup.  
Table 5.6: Values of total porosity and effective porosity of various soil textures (McWhorter and Sunada, 1977). 
Soil texture nach 
McWhorter and 
Sunada (1977) 
Total porosity (Pt) 
(dimensionless 
fraction between 0 
and 1) 
Effective porosity (Pe) 
(dimensionless fraction 
between 0 and 1) 
Range Mean Range Mean 
Sand (fine) 0.25 - 0.53 0.43 0.01 - 0.46 0.33 
Sand (medium) - - 0.16 - 0.46 0.32 
Sand (coarse) 0.31 - 0.46 0.39 0.18 - 0.43 0.30 
Gravel (fine) 0.25 - 0.38 0.34 0.13 - 0.40 0.28 
Gravel (medium) - - 0.17 - 0.44 0.24 
Gravel (coarse) 0.24 - 0.36 0.28 0.13 - 0.25 0.21 
Silt 0.34 - 0.51 0.45 0.01 - 0.39 0.20 
Clay 0.34 - 0.57 0.42 0.01 - 0.18 0.06 
 
The next two equations were utilized to calculate the effect of advection to transport nitrate solute within a soil 
specimen of 1 cm thick. The value of hydraulic gradient (i) is assumed as 1 and the hydraulic conductivity (K) is 
determined from the hydraulic conductivity tests. The type of soil texture plays a role in selecting the proper 
conducted hydraulic conductivity test. The K values for S1 and S2 were determined by a hydraulic test called 
Triaxial Cell (DIN 18130-1). The falling head in a standing pipe test (DIN 18130) was used for S3, S4, S5, S6, S7 
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and S8 (table 5.7). The retarded amounts of nitrate of the soils samples by the simulated advection as shown in table 
(5.7) are calculated by plotting the results of the equations (5.5) and (5.6) against time. 
                                                     J(in advection)= K x i x (C1 – C2)………………………………….….5.5 
                                                     J(out advection)= K x i x (C4)…………………...……………….....…5.6 
Where:  
J(in advection) and J(out advection) = Input and output nitrate mass fluxes by advection (mg/m2.day). 
K = Hydraulic conductivity (m/s). 
i = Hydraulic gradient (unitless). 
C1 = Concentration of nitrate solution flows in the Diffusion Cell through the upper chamber (mg/L). 
C2 = Concentration of nitrate solution flows out of the Diffusion Cell from the upper chamber (mg/L). 
C4 = Concentration of mixed solution flows out of the Diffusion Cell from the lower chamber (mg/L). 
 
Table 5.7: The results of the simulated advection parameter as sorbed amount of nitrate (mg) using K value (m/s). 
Sample 
No. 
Measured K value 
(m/s) 
Sorbed amount of nitrate by advection (mg) at the three different 
concentrations 
Concentration 25 
(mg/L) 
Concentration 100 
(mg/L) 
Concentration 250 
(mg/L) 
S1 1.89 x 10-8  * 0.00002  0.00014 0.0006 
S2 7.83 x 10-8  * 0.00001 0.00008 0.0003 
S3 4.48x 10-6  ** 0.0005 0.003 0.0098 
S4 6.65 x 10-6  ** 0.0007 0.0045 0.0144 
S5 5.06 x 10-6  ** 0.0004 0.0031 0.011 
S6 2.67 x 10-6   ** 0.0002 0.002 0.0054 
S7 6.66 x 10-6   ** 0.0009 0.007 0.025 
S8 1.42 x 10-5   ** 0.00088 0.0064 0.022 
       *:   K value measured by the Triaxial Cell. 
       **: K value measured by the falling head in a standing pipe test. 
Neither deterministic nor stochastic models currently offer a comprehensive characterization of the transport of 
nitrate in natural groundwater systems. The situation is even bleaker when evaluating nitrate transport in sandy soil 
texture. However, our current research simulates the transport path of nitrate within the unsaturated zone. This helps 
to conceptualize and quantify the vulnerability of nitrate to groundwater. Experimentally, neglecting the effect of 
advection in the experimental setup was successful to overcome the high effect of high effective porosity of the silty 
sand and sandy silt samples analysed although no hydraulic principles (advection) were also applied to the sandy silt 
samples with slight clay. This is in order to get standardization in conceiving the experimental setup. 
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The total sorbed amounts of nitrate of soil specimens in milligrams due to the effect of simulated advection in 
addition to diffusion at the three concentrations are represented in table (5.8). The sorbed amount of nitrate due to 
advection is relatively small compared to the sorbed amount by diffusion and inevitably to the total sorbed amount 
(table 5.8). For all soils, the amount of sorbed nitrate by advection do not precedes 1 % of the total sorbed amount of 
nitrate. The total measured amount of sorbed nitrate by advection and diffusion at the three concentrations relatively 
to the total nitrate mass input (total nitrate mass entered the Diffusion Cell) are shown in table (5.8).  
Table 5.8: The sorbed amount of nitrate due to each of simulated advection and diffusion and the total sorbed 
amount of nitrate. 
Sample 
No. 
Sorbed amount of nitrate 
by advection (mg) at the 
three different 
concentrations 
Sorbed amount of nitrate 
by diffusion (mg) at the 
three different 
concentrations Total sorbed 
amount of 
nitrate (mg) 
by advection 
and diffusion  
Total sorbed 
nitrate by 
advection and 
diffusion at the 
three 
concentrations 
relatively to the 
total nitrate 
mass input (%) 
Conc.* 
25 
mg/L 
Conc. 
100 
mg/L 
Conc. 
250 
mg/L 
Conc. 
25 
mg/L 
Conc. 
100 
mg/L 
Conc. 
250 
mg/L 
S1 0.00002 0.00014 0.0006 19.69 140.63 635.89 796.21 36.97 
S2 0.00001 0.00008 0.0003 20.57 139.76 621.48 781.81 32.86 
S3 0.0005 0.003 0.0098 13.11 80.46 433.12 526.7 26.12 
S4 0.0007 0.0045 0.0144 13.56 81.23 375.81 470.62 23.9 
S5 0.0004 0.0031 0.011 10.27 72.16 314.85 397.29 24.96 
S6 0.0002 0.002 0.0054 10.51 80.99 316.43 407.94 24.32 
S7 0.0009 0.007 0.025 22.48 170.60 1063.31 1256.42 47.5 
S8 0.00088 0.0064 0.022 8.37 55.44 201.14 264.98 20.51 
*: Conc. refers to the concentration of nitrate solution. 
Therefore, it is observed that diffusion has more effect than the simulated advection to retard the most amount of 
nitrate passed through the soils samples within the eight Diffusion Cells. Those results can be ascribed to 
assumption no. 1 in the study ‘solute can move with slower velocity than the average linear water velocity 
(responsible for advective solute transport) if sorption is involved’ (Schulze-Makuch and Cherkauer, 1998). 
The results of the current scenario show that the advection parameter was not the only process affecting the nitrate 
transport in the soils specimens. According to Schulze-Makuch and Cherkauer (1998), the assumption no. 2 of the 
study can be stated as ‘if advection is the only process affecting the transport of a solute in a homogeneous porous 
medium, the result would be that the solute would move in the form of distinct, sharp concentration front through the 
groundwater medium’. The contrary of assumption no. 2 is true, therefore, depending on the results of our scenario 
the advection would not has a severe action in moving nitrate in a sharp concentration. Sorption is also considered 
during advective transport of nitrate like in the case of diffusive transport. Yet, contribution of nitrate sorption in the 
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advective tansport mechanism is less to the overall retardation than by diffusion. This has three reasons: (1) less flux 
by advection (2) larger distance to solute surfaces that can act on nitrate and (3) less detention time due to high flow 
velocity. Moreover, the interpretation of assumption no. 2 also asserts and supports the assumption no. 1. 
As it is observed from the former discussion, nitrate retardation occurred by sorption through diffusive and advective 
transport. The sorption isotherm behavior of nitrate will be discussed in details in the next section. 
5.3 Sorption Isotherm 
As stated in the sections (2.2.4) and (5.1), the sorption term is used as a reference to indicate the overall result of 
various transport processes (retardation, sorption, dilution, leaching, denitrification, chemisorption, diffusion, 
advection, absorption, ion exchange and physical and biochemical properties). Moreover, nitrate retardation is 
used as an ideal vocabulary to express the retardation factors of sorption isotherms. In the mathematical analyses of 
the sorption isotherm parameters, the results of the diffusion and advection are utilized in order to test the sorption 
isotherm types; Linear, Freundlich and Langmuir. 
Experimentally, sorption can be determined by measuring the amount of solute sorbed by a particular soil. Therefore, 
for the laboratory setup of Diffusion Cell, eight different soil specimens (76.94 cm2 x 1 cm thickness) were exposed 
to three different solutions of nitrate (25, 100 and 250 mg/L) up to equilibrium status. Thereafter, the results of the 
test were determined. The mass of solute adsorbed per unit of soil (C*) in (mg/kg) as a function of the equilibrium 
concentration of solute in the respective solution (C); 25, 100, or 250 mg/L, was estimated. Consequently, the 
relation between C and C* was graphically plotted known as sorption isotherm or adsorption isotherm. Subsequently, 
the soil capability for sorption of nitrate was estimated. 
The main concept behind the assessment of the retardation factor for any type of sorption isotherm requires repeating 
the experiment of the Diffusion Cell for the same soil sample with different initial nitrate concentrations. After 
determining the type of sorption isotherm for soil samples, the sorption isotherm parameters such as retardation 
factor, constants, maximum sorbed amount of nitrate (Smax), total flow velocity and nitrate flux velocity can be 
determined.  
Generating the respective sorption isotherm type and its parameters are illustrated as the following. Each of the three 
pairs of points for each soil sample consist of the X and Y coordinates; the initial nitrate concentration (mg/L) (C) 
and the sorbed amount of nitrate per unit mass of soil (mg/kg) (C*), respectively. Thereafter, the three pairs were 
matched to configure the sorption isotherm curve then the maximum sorption capacity (Smax) can be determined. 
One of the sorption isotherm types; Linear, Freundlich or Langmuir using their corresponding equations (2.5), (2.7) 
and (2.9), respectively, can achieve the best fit of the Diffusion Cells sorption results. After creating the sorption 
isotherms graphs, the proper type of sorption isotherm that can express the sorption behavior for each of the soil 
samples could be determined. By use of the created graphs of sorption isotherm (figures 5.40 through 5.47) the best 
fit sorption isotherm type can be estimated. 
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As shown in figures (5.40) through (5.47), the curves are nonlinear (curvilinear) and are well adapted with high 
correspondence to the Freundlich sorption isotherm model as shown in figure (2.12). Moreover, Freundlich sorption 
isotherm was chosen because it is considered as the more general equilibrium isotherm model and can be vastly 
applied to the sorption by soils of various ions and organic compounds and can work with varied concentrations. 
Despite Freundlich sorption isotherm is usually obtained by an empirical fit to the experimental data, the 
extrapolation of data is restricted to the upper concentration limit (250 mg/L). Therefore, interpolation beyond this 
limit produces a deceptive sorption isotherm description. Subsequently, the calculated Freundlich sorption isotherm 
equation of each soil specimen is only valid for the concentration range between (25-250 mg/L). The sorption 
isotherm is exclusively calculated as fitting parameters for the respective concentrations-dependent and retained 
mass.  
The parameters of Freundlich sorption isotherm were calculated using the model equations. The calculated 
parameters displayed in the tables (5.9) through (5.16) are illustrated as the following:  
C = Concentration of solute in solution in equilibrium with the mass of solute sorbed onto the solid (mg/L). 
Sm = Sorbed amount of nitrate using Diffusion Cell (mg). This parameter equals to the value of M(sorb). 
C* = Mass of solute sorbed per unit mass of solid (mg/kg) and it can be calculated by the next formula: 
 
                                                                         C*= Sm/0.1312……………………………………….................….......5.7 
K = Constant. 
N = Constant.  
C(N-1) = Starting concentration to the power (N-1). 
rff = Retardation factor of Freundlich sorption isotherm and it can be expressed in the next formula (dimensionless): 
 
                                                                         rff=1 + (Bd x K x N x C(N-1)/ θ)………………………………......5.8 
Where: 
Bd = Bulk density (kg/m3). 
θ = Volumetric water content (dimensionless). 
Ks = Saturated hydraulic conductivity and it equals to the K value measured at the Laboratory (m/s). 
θr = Irreducible minimum water content (dimensionless) (Fetter, 1999, table 4.1). 
Se = Effective saturation that can be calculated according to the following equation (dimensionless): 
 
                                                                         Se= (θ-θr)/ (θs-θr)……………………...….………...…..5.9 
θs = Volumetric water content at saturation and it is assumed to equal the value of θ. 
n = Constant (dimensionless) and n value is taken from (Fetter, 1999, page 180 in table 4.1). 
m = Constant and it can be determined by the following formula: 
 
                                                                                m= 1- (1/n)……………..……………………….….5.10 
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K(θ) = Unsaturated hydraulic conductivity at water content θ. K(θ) is calculated by the following formula in (m/s): 
 
                                                   K(θ)= Ks x Se(1/2) x (1- (1-(Se)(1/m)) m)2.…………………………...…..5.11 
i = Hydraulic gradient (dimensionless). 
va = Total flow velocity (m/s) and it is determined by the following equation: 
 
                                                                                va= (K(θ) x i)/ ne……………………………………5.12 
Where: 
ne = Soil porosity and it is assumed as the same value of θ.  
vNO3- = Nitrate flow velocity (m/s). 
 
The values of mass of solute sorbed per dry unit mass of solid (soil specimen) (C*) in (mg/kg) varied according to 
the results shown in tables (5.9) through (5.16). The highest mass of nitrate sorbed per dry unit mass of soil specimen 
of S7 is observed. Penetrating the nitrate solution within the soil specimen of S7 simulates series of biochemical 
reactions, which markedly increases the amount of sorbed nitrate due to humus soil specimen type.  
Moreover, the retardation factor values (rff) of the Freundlich sorption isotherm model in tables (5.9) through (5.16) 
emphasize that S7 has the highest rff value at concentration 25 mg/L whereas S8 has the lowest one. The same case is 
also repeated of both samples at concentrations 100 and 250 mg/L. It is also observed that the increasing times of 
Freundlich retardation factor is independent from the increasing times of the initial nitrate concentrations (25, 100 
and 250 mg/L). However, it was remarked that the increasing times of rff are positively related to the time required 
by the soil specimen to reach the breakthrough point. The required retardation times needed by S7 and S8 at the three 
initial nitrate concentrations to reach the equilibrium status prove their rff values which are the highest at S7 and the 
lowest at S8. The time duration required by S7 and S8 at the three concentrations to achieve the equilibrium status 
are illustrated in the figures (5.30) (5.31) and (5.32) or in figures (5.27, 5.28 and 5.29) for S7 and in figures (5.16, 
5.21, and 5.26) for S8. This result agrees with the literature review that stated if more organic matter will be in the 
soil, the more will be the retardation factor (Koehler et al. 2006; Maeda et al. 2008). 
As the Freundlich retardation factor can be mathematically defined as in equation (5.8), it can be also expressed by 
the relation between the total flow velocity (va) in (m/s) and the nitrate flow velocity (vNO3-) in (m/s). Subsequently, 
rff can be also represented as the following equation:  
                                                                                                   rff= va/ vNO3-…………………………...………..5.13 
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Equation (5.13) is another way to express the retardation factor. It gives the same value as by equation (5.8). The 
difference is that equation (5.8) means the assumption about the specific process, which causes retardation. As this is 
the basic assumption (sorption) of the current study, retardation factors shown in tables (5.9) through (5.16) were 
calculated by equation (5.8) 
According to the results of the total flow velocity (velocity of nitrate solution and deionized water flow) (va) and the 
nitrate flow velocity (vNO3-) showed in tables (5.9) through (5.16), it is deduced that S1 and S2 have the lowest nitrate 
flow velocity and total flow velocity values compared to the other analysed soil samples. This can be imputed to the 
clay persistence in both soil textures. When performing retention measurements on sandy materials it is found that 
these experiments are relatively fast, whereas the more clayey materials are time-consuming experiments stated 
Wildenschild et al. (2001). According to Darcy Law, the coefficient of permeability (hydraulic conductivity, K) has a  
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Figure 5.40-5.43: Nonlinear Freundlich sorption isotherm with the mass of solute adsorbed per unit mass of soil 
(C*) in (mg/kg) versus the equilibrium concentration of solute remaining in solution (C) in (mg/L) of the soil 
samples S1, S2, S3 and S4, respectively. 
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direct relation of velocity of flow (equation 5.14). The lowest values of the measured hydraulic conductivity of S1 
and S2, 1.89 x 10-8 and 7.83 x 10-8 m/s, respectively, attribute the low values of their total flow velocity and nitrate 
flow velocity. The measured K values of samples are represented in tables (5.9) through (5.16). 
                                                                                              v = - K x i ………………….…….................5.14 
Where: 
v= Flow velocity (m/s). 
K= Hydraulic conductivity (m/s). 
i = Hydraulic gradient (dimensionless). The minus sign in the equation denotes that the direction of flow is opposite 
to the positive direction of the gradient of the head. 
 
 
Figure 5.44 
 
Figure 5.45 
 
Figure 5.46 
 
Figure 5.47 
 
Figure 5.44-5.47: Nonlinear Freundlich sorption isotherm with the mass of solute adsorbed per unit mass of soil 
(C*) in (mg/kg) versus the equilibrium concentration of solute remaining in solution (C) in (mg/L) of the soil 
samples S5, S6, S7 and S8, respectively. 
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Table 5.9: The calculated Freundlich sorption isotherm parameters of S1. 
C 
(mg/l) 
Sm 
(mg) 
C* 
(mg/kg) 
Freundlich Sorption Isotherm Parameters 
K N C(N-1) rff 
Ks 
(measured)a       
(m/s)   
θr Se n m K(θ) i 
va          
(m/s) 
vNO3-       
(m/s) 
25 19.69 150.05 1.15 1.50 5.00 54.07 1.89E-08 0.034 1 1.37 0.27 1.89E-08 1 6.7999E-08 1.2576E-09 
100 140.63 1071.84 1.15 1.50 10.00 107.14 1.89E-08 0.034 1 1.37 0.27 1.89E-08 1 6.7999E-08 6.34667E-10 
250 635.89 4846.76 1.15 1.50 15.81 168.83 1.89E-08 0.034 1 1.37 0.2701 1.89E-08 1 6.7999E-08 4.0278E-10 
 Volumetric water content (θ) of S1= 0.28. 
 Ks (measured)a: The hydraulic conductivity test measured using Triaxial Cell. 
 
Table 5.10: The calculated Freundlich sorption isotherm parameters of S2. 
(C)  
(mg/l) 
(Sm)  
(mg) 
(C*)  
(mg/kg) 
Freundlich Sorption Isotherm Parameters 
K N C(N-1) rff 
Ks     
(measured)a    
(m/s)   
θr Se n m K(θ) i 
va        
(m/s) 
vNO3-       
(m/s) 
25 20.57 175.95 1.49 1.47 4.54 49.62 7.83E-08 0.034 1 1.37 0.2701 7.83E-08 1 2.5206E-07 5.08017E-09 
100 139.76 1195.57 1.49 1.47 8.71 94.27 7.83E-08 0.034 1 1.37 0.2701 7.83E-08 1 2.5206E-07 2.67375E-09 
250 621.48 5316.34 1.49 1.47 13.40 144.48 7.83E-08 0.034 1 1.37 0.2701 7.83E-08 1 2.5206E-07 1.74463E-09 
 Volumetric water content (θ) of S2= 0.31. 
 Ks (measured)a: The hydraulic conductivity test measured using Triaxial Cell. 
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Table 5.11: The calculated Freundlich sorption isotherm parameters of S3. 
C  
(mg/L) 
Sm  
(mg)  
C* 
(mg/kg) 
Freundlich Sorption Isotherm Parameters  
K N C(N-1) rff 
Ks       
(measured)b      
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va         
(m/s) 
vNO3-       
(m/s) 
25 13.107 96.45 0.71 1.50 5.00 36.19 4.48E-06 0.045 1 2.68 0.63 4.48E-06 1 1.6783E-05 4.6371E-07 
100 80.46 592.05 0.71 1.50 10.00 71.39 4.48E-06 0.045 1 2.68 0.63 4.48E-06 1 1.6783E-05 2.3510E-07 
250 433.12 3187.05 0.71 1.50 15.81 112.29 4.48E-06 0.045 1 2.68 0.63 4.48E-06 1 1.6783E-05 1.4946E-07 
 Volumetric water content (θ) of S3= 0.27. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
 
Table 5.12: The calculated Freundlich sorption isotherm parameters of S4. 
C 
(mg/l) 
Sm 
(mg) 
C* 
(mg/kg) 
Freundlich Sorption Isotherm Parameters 
K N C(N-1) rff 
Ks     
(measured)b      
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va         
(m/s) 
vNO3-       
(m/s) 
25 13.56 99.09 0.94 1.43 3.99 429.80 6.65E-06 0.045 1 2.68 0.63 6.65E-06 1 2.9929E-04 6.9636E-07 
100 81.23 593.79 0.94 1.43 7.24 779.29 6.65E-06 0.045 1 2.68 0.63 6.65E-06 1 2.9929E-04 3.8406E-07 
250 375.8 2747.15 0.94 1.43 10.74 1155.13 6.65E-06 0.045 1 2.68 0.63 6.65E-06 1 2.9929E-04 2.591E-07 
 Volumetric water content (θ) of S4= 0.022. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
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Table 5.13: The calculated Freundlich sorption isotherm parameters of S5. 
C 
(mg/l) 
Sm 
(mg)  
C* 
(mg/kg) 
Freundlich Sorption Isotherm Parameters 
K N C(N-1) rff 
Ks     
(measured)b     
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va         
(m/s) 
vNO3-       
(m/s) 
25 10.269 81.76 0.68 1.48 4.69 40.50 5.06E-06 0.045 1 2.68 0.63 5.06E-06 1 2.5978E-05 6.41464E-07 
100 72.16 574.52 0.68 1.48 9.12 77.83 5.06E-06 0.045 1 2.68 0.63 5.06E-06 1 2.5978E-05 3.33754E-07 
250 314.85 2506.79 0.68 1.48 14.16 120.28 5.06E-06 0.045 1 2.68 0.63 5.06E-06 1 2.5978E-05 2.15976E-07 
 Volumetric water content (θ) of S5= 0.19. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
 
Table 5.14: The calculated Freundlich sorption isotherm parameters of S6. 
C 
(mg/l) 
Sm 
(mg)  
C* 
(mg/kg) 
Freundlich Sorption Isotherm  Parameters 
K N C(N-1) rff 
Ks      
(measured)b     
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va        
(m/s) 
vNO3-       
(m/s) 
25 10.51 85.46 0.73 1.48 4.69 39.60 2.67E-06 0.045 1 2.68 0.6269 2.67E-06 1 1.274E-05 3.2184E-07 
100 80.99 658.45 0.73 1.48 9.12 76.08 2.67E-06 0.045 1 2.68 0.6269 2.67E-06 1 1.274E-05 1.675E-07 
250 316.43 2572.61 0.73 1.48 14.16 117.56 2.67E-06 0.045 1 2.68 0.6269 2.67E-06 1 1.274E-05 1.084E-07 
 Volumetric water content (θ) of S6= 0.21. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
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Table 5.15: The calculated Freundlich sorption isotherm parameters of S7. 
C 
(mg/l) 
Sm 
(mg)  
C* 
(mg/kg) 
Freundlich Sorption Isotherm Parameters 
K N C(N-1) rff 
Ks      
(measured)b     
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va        
(m/s) 
vNO3-       
(m/s) 
25 22.48 323.90 1.44 1.66 8.368 109.723 6.654E-06 0.045 1 2.68 0.63 6.65E-06 1 4.01E-05 3.656E-07 
100 170.60 2458.27 1.44 1.66 20.89 272.445 6.654E-06 0.045 1 2.68 0.63 6.65E-06 1 4.01E-05 1.472E-07 
250 1063.31 15321.47 1.44 1.66 38.25 497.961 6.654E-06 0.045 1 2.68 0.63 6.65E-06 1 4.01E-05 8.056E-08 
 Volumetric water content (θ) of S7= 0.17. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
  
Table 5.16: The calculated Freundlich sorption isotherm parameters of S8. 
(C)  
(mg/l) 
(Sm)  
(mg)  
(C*) 
(mg/kg) 
Freundlich Isotherm Parameters 
K N C(N-1) rff 
Ks     
(measured)b     
(m/s)   
θr Se n m 
K(θ)       
(m/s) 
i 
va        
(m/s) 
vNO3-       
(m/s) 
25 8.37 74.01 0.87 1.38 3.40 42.562 1.42E-05 0.045 1 2.68 0.63 1.42E-05 1 9.864E-05 2.318E-06 
100 55.44 490.18 0.87 1.38 5.75 71.384 1.42E-05 0.045 1 2.68 0.63 1.42E-05 1 9.864E-05 1.382E-06 
250 201.14 1778.40 0.87 1.38 8.15 100.7 1.42E-05 0.045 1 2.68 0.63 1.42E-05 1 9.864E-05 9.796E-07 
 Volumetric water content (θ) of S8= 0.14. 
 Ks (measured)b: The hydraulic conductivity test measured using falling head in a standing pipe test. 
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The results of the plotted graphs (5.40) through (5.47) will be utilized in unit 6 titled Modeling of Long Term 
nitrate Contaminant Mass Transport in order to determine the value of the maximum sorption capacity (Smax) at 
any concentration within the concentration range (25-250) mg/L. 
The values that were found in this study are specific for the Diffusion Cell experiment. Literature demonstrated that 
values of nitrate that are sorbed by soil are of quite huge spread; some researchers found higher values than by 
Diffusion Cell experiment for example Cahn et al. (1992) who found also positive values of Freundlich exponent. 
Others found less (Nodvin et al. 1986; Strahm and Harrison, 2006) and these differences resulted from type of soil 
used, pH and the general approach of the current study; the Diffusion Cell versus batch experiments in the cited 
literature. 
The absolute values of the range of flow velocities in the Diffusion Cell experiment can be explained by the 
differences of various soil types imbedded in the Diffusion Cells (Biggar and Nielsen, 1976). However, the values of 
flow velocities determined by Gerritse and Singh (1988) coincide with the values of the Diffusion Cell experiment. 
The Diffusion Cell simulates the natural field condition in a laboratory dimension. This setup is appropriate for 
estimating the actual detention time to reach the breakthrough point, the total flow velocity (va) and nitrate flow 
velocity (vNO3-) with a specific thickness of soil specimen. The Diffusion Cell results are beneficial to determine the 
sorption isotherm parameters compared with the usefulness of batch sorption test, to determine retardation factors for 
analysis of contaminant transport in soil, which is in questioned. The batch test stands on the opposite side of the 
Diffusion Cell experiment that has a major advantage represented by avoiding the over-mixing occurs in the batch 
experiments. The Diffusion Cell allows a homogeneous soil sample to be imbedded within it conserving almost of 
the original physical soil characteristics that makes the sorption results of the Diffusion Cell more reliable. The Batch 
experiments show overestimation of sorption rate than Diffusion Cell test especially for samples with higher organic 
matter content (Lambarki. 2006). The highly exposed surface area and lower soil solution ratio can cause higher 
sorption in case of batch experiment. Shaking increases the surface areas by disintegrating soil aggregates and 
thus affects the sorption process. Sorption determined by batch test is not eligible to describe physic-chemical 
processes and the quantity of really retarded contaminant in the field condition. On the other hand, retention can be 
best fit by the infiltration rate inner and outer of the soil specimen within the Diffusion Cell. The disadvantage, 
however, is the long duration of test. Therefore, in this research the sample thickness was conducted small of 1 cm to 
keep the test duration as short as possible. 
The Diffusion Cell represents a one-layer experimental setup depends on the ETI concept used to assess transport 
parameters of nitrate in different soils. Many useful applications can be applied based on the ETI model of the 
Diffusion Cell for example validating the results of numerical models for solutes transport in the unsaturated zone 
and estimating the risk potentiality of heavy metals arising from dump sites. 
Literature of other researchs showed that nitrate is released from soils but not adsorbed as in the current study. 
Differences are caused by single ion versus multi ions experiments, soil classes and pH range (more neutral in the 
current experiment). 
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6 Modeling of Long Term Nitrate Contaminant Mass Transport 
6.1 Description of the ETI Excel Tool                                                                           
Modeling represents an attempt to describe the dynamic aspects of the constituents around us. The depiction can be 
either in mathematical/statistical terms, process-based simulation models or overlay and index methods. Soil sorption 
processes of nitrate which allows determination of specific vulnerability of groundwater to nitrate can be simulated. 
The current research defines the specific vulnerability using a compiled system of two vulnerability simulation 
approaches; the first one is a process-based simulation model (Diffusion Cell) and the second is a mathematical 
model called ETI Excel Tool program. This model is used for interpretation of the results of the Diffusion setup. This 
model utilizes empirical data to provide quantitative values for nitrate transported within the unsaturated zone as a 
function of time for local and regional contaminant transport estimation.  
As a common procedure for contaminant transport speculation does not exist, a laboratory setup for such a prognosis 
comprising the ETI concept was developed (figure 2.14) (section 2.2.5). The results of Diffusion Cell experiment 
(chapter 5) are used for mathematical modelling with ETI Excel Tool program. It is able to assign the results of the 
maximum sorption capacity (Smax) in addition to other main important data in regard to groundwater contamination 
by nitrate during a long prediction time of tens of years. By use of the graphs (5.40) through (5.47), values of 
maximum sorption capacity (Smax) at any concentration within the concentration range of (25-250) mg/L of nitrate 
are determined. After data processing, the expected results obtained from this program are essentially forecasting the 
lifetime required by nitrate to be transported to groundwater as immission process. The mathematical tool is also able 
to create nitrate risk forecast to groundwater during certain prospective hydrological years. 
The applicability of the obtained experimental emission and transmission results to simulate nitrate contaminant 
transport to groundwater is of interest and aim of the ETI concept. Therefore, the unsaturated zone is supposed to be 
divided into a plurality of soil sheets with n number; starting from the top sheet (sheet no. 1) to sheet no. n where 
nitrate reaches groundwater (figure 6.1). By iteration of input and output mass flows with taking into account the 
main determined elements affecting sorption kinetics of the studied soils, a simulation of nitrate contaminant 
transport for specific hydrological years can be forecasted. The discharge of the upper sheet in the unsaturated zone 
is considered as the recharge of the underlying sheet and iterated during a specific number of hydrological years 
(hydrological cycles). The structure of the ETI Excel Tool and the realization of the sequence of transport forecast 
are shown in figure (6.2). 
ETI Excel tool program provides a user interface in German language which facilitates usage of the program. The 
development of the user interface was carried out using Excel in order for ease handling (figure 6.3). The ETI Excel 
Tool functions were programed by visual basic. Using this language program for configuration of the tool functions 
adapts with existing Excel sheets to calculate the required parameters and to ensure the greatest practical capability.  
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Figure 6.1: Subdivision of the unsaturated zone in a number of soil sheets (after Lambarki, 2006). 
For carrying out the transport forecast by the ETI Excel Tool, the concentration of the mobilized contaminant (i.e. 
nitrate) has to be known. The results of Diffusion Cell experiment are obligatory input data for calculations of ETI 
Excel Tool. In addition to the leachate concentration, the total content of contaminant will be determined in order to 
estimate the lifetime of the contaminant source. The assumption states that the contaminant release is exponentially 
decreasing. The simulated values obtained from the experimental test verify the general assumption. 
Prerequisite for application the ETI Tool for groundwater risk assessment is the implementation of the transmission 
experiment represented by the Diffusion Cell experiment. It is necessary to determine the maximum sorption 
capacity and the kinetics of sorption of contaminant for each soil sheet. In the emission phase of the simulation 
process, the steady state flow is assumed. It is also assumed that the soil profile is homogeneous and corresponds to 
the soil sample in the transmission test (Diffusion Cell). Even in the case of an apparently homogeneous layer, 
completely homogeneous stratifications never occur in nature. However, during sampling phase our visual inspection 
remarked no essential difference in soil stratifications.  
The ETI Excel Tool is valid to conceive nitrate transport in the unsaturated zone. This model can be carried out after 
entering the following input parameters: 
 Thickness of the source (M) in (m). 
 Bulk density (Bd) in (kg/L).    
 Assumed determined area (A) in (m2). 
 Infiltration rate (Sr) in (mm/y) or (L/m2.year). 
 
n     n-1 
   J(out)    = J(in)      Tra
n
sm
issio
n
 
Emission 
Source strength 
Immission in groundwater 
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                           Emission:                                                                            Transmission:   
- Thickness of the source and bulk density                              - Depth to groundwater 
- Initial concentration                                                               - Max. sorption capacity 
- Infiltration rate                                                                       - Thickness of soil sheet 
- Observation hydrological years                                             - Relation between input mass                          
- Initial mobilized contaminant mass                                                and J(out) /J(in).                                                                           
- Total mass of contaminant in the source  
 
                                                
          
                                                 
 
                                                                             Output 
                                        -Contaminant release depending on the hydrological years 
                                        -Living time of the contaminant source 
                                        -Contaminant recharge in groundwater (Immission)  
 
Figure 6.2:  
 
 
Figure 6.2: Structure of contaminant transport prognosis process in ETI Excel Tool program 
and the main input and output parameters. 
Input parameters 
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Figure 6.3: The user interface of ETI Excel tool program and the initiated Excel sheets. 
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 Total content of the mobilized contaminant in the source (Qg) in (mg/kg). 
 Initial dissolved concentration of nitrate in source (Co) in (mg/L).  
 Depth to groundwater in (m). 
 Maximum sorption capacity (Smax) in (mg). 
 Thickness of soil sheet in (m). 
 Relation between input mass and J(out) /J(in); factor (dimensionless). 
The ETI Excel Tool program is structured in two steps. Firstly, the input parameters of Emission window are entered 
taking into account the soil class, bulk density, respective contaminant, infiltration rate, initial dissolved nitrate 
concentration and thickness of the supposed studied cross sectional area. After entering the input parameters, 
clicking on the button ‘calculate emission parameters’ allows the program to calculate many values like the total 
content of nitrate in the source, lifetime of nitrate in the source, the initial mobilized mass of contaminant and the 
average content of contaminant per year. Thereafter, the program simulates transporting of the examined 
contaminant in a particular soil class up to the maximum limit of the source. The results of the contaminant release 
rate per hydrological year are issued in the form of a huge table in Excel consists horizontally of a specific number of 
rows simulate the soil sheets configured in accordance to the thickness of each soil class and vertically of a specific 
number of columns represent the expected observation hydrological years. 
Secondly, the input parameters of the ETI Excel Tool in the Transmission window are also entered like height of the 
soil sheet, depth to groundwater (thickness of the unsaturated zone) and infiltration rate in addition to information 
about the maximum sorption capacity of the soil sheet and the relation (factor) between the contaminant mass input 
and the ratio of J(out) /J(in). The mass of nitrate enter and leave of each soil sheet within the unsaturated zone can be 
determined. 
After clicking on ‘Start simulation’, the iteration calculation is started for the soil profile which is divided into sheets 
in regard to the soil specimen examined by the Diffusion Cell. The supposed soil sheets are divided equally (figure 
6.4). The examined samples are represented in accordance to the profile information and place of assessment. For 
example, the thickness of soil profile (unsaturated zone) to which S1 belongs equals to 8.3 m corresponding to 83 
simulated soil sheets. The soil profile is considered as a sequence of vertical soil wheels from the soil surface to the 
bottom. Each soil sheet is treated separately. Through a mass balance or iteration calculation, the extra amount of 
nitrate is further shifted to the respective underlying sheet until reaching the groundwater. The mass of nitrate 
released from a soil sheet (output mass) corresponds to the input mass of the underlying soil sheet. As a stopping 
criterion for each soil sheet, the total retention capacity determined for each soil sheet and for the whole soil profile 
until depletion the contaminant source is crucial. The ETI Excel Tool program assumes the source of nitrate as an 
accumulated dump site. This assumption is commonly virtuous to examine the sorption capacity of heavy metals but 
also applicable to forecast nitrate vulnerability to groundwater for long period of hydrological observation years. 
Therefore, it is regarded to multiply the total amount of mobilized nitrate in the source by the number of the 
hydrological observation years. The assumption is imputed to the statement confirmed by Nolan et al. (2002) and 
Rupert (2003), until now no studies have been designed to estimate the potential for nonpoint nitrate contamination 
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of groundwater recharge during coming hydrological observation years. It is likely that a predictive model of nitrate 
vulnerability of recently recharged groundwater can be successfully established and validated using empirical 
relations between groundwater quality data and independent or explanatory data. The final output of the tool 
evaluates the amount of nitrate released per each squared meter of unsaturated zone into groundwater (the so-called 
nitrate immission). Consequently, with this mechanistic mathematical model, it is arguable that the quantification of 
nitrate immission in groundwater by the configured ETI concept is now contingent. 
 
 
Figure 6.4: The potentiality of results of ETI concept to simulate the natural conditions in an experimental setup. 
Data insertion in this program can be entered in various representations, for example the mass of nitrate input in 
groundwater is converted into concentration and compared with the standard nitrate value after Bundesministeriums 
der Justiz und für Verbraucherschutz (means in English the Federal Ministry of Justice and Consumer Protection) 
(2001). Moreover, the sum of nitrate mass entry after each hydrological year is available. Consequently, nitrate 
distribution in the soil profile over the hydrological year can be also determined. Furthermore, sorption capacity for 
the total soil profile as a function of time up to the occurrence of nitrate in groundwater is represented by the ETI 
Excel Tool. 
Excavated undisturbed soil 
sample from field, where 
X1 to Xn are the vadose 
zone divided as sheets. 
The Diffusion setup 
applying the ETI 
concept 
Contaminated soil 
Groundwater 
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Therefore, it is necessary to divide virtually the unsaturated zone in a plurality of layers. From each different soil 
class (‘sandy silt, slight caly’, silty sand and ‘silty sand, slight gravel’) in the study area Schwalmtal/Nettetal, a soil 
sheet of 1 cm thickness and 10 cm diameter was excavated and then installed in the Diffusion Cell. The transmission 
experiments were performed with three different initial nitrate concentrations (Co) corresponding to the source 
strength of the overlying nitrate source. Thereafter, a relationship between the initial concentrations (mg/L) and the 
sorbed amount of nitrate per dry unit weight of soil in (mg/kg) was defined to determine reversely the actual initial 
concentration of the contaminant. Particularly, the value of Co can be determined based on field data of the actual 
total added amount of fertilizer nitrogen in (mg/m2) divided by the infiltration rate (Sr) (L/m2). Using the 
transmission attempt through the ETI Excel Tool, the sorption capacity for the whole unsaturated profile and 
hereafter the amount of contaminant entering the groundwater can be forecasted as long as the source strength is not 
exhausted.  
Furthermore, the ETI Excel Tool determines the relation between input and output nitrate fluxes and the sorption 
capacity of the upper soil sheet. Then a transfer for this relation to the lower soil sheet of the same soil class at the 
same initial concentration is possible. Subsequently, a feasible mass of the input and output nitrate fluxes is 
conducted. Another analog representation of experimentally obtained results is the relation between the input mass 
(M(in)) and the ratio of the input and the output nitrate fluxes (ß). This allows quantifying nitrate retardation within 
the unsaturated zone sheets and nitrate immision into the groundwater. This relation can be expressed as the 
following: 
                                                          M(in)= f(ß) or M(in)= b x ß………………………………………..6.1 
Where:  
b= Factor. 
ß= J(out) /J(in); output nitrate flux to input nitrate flux.  
 
From this equation it can be remarked that the relationship between the two parameters is linear and the values of b 
for the studied samples are determined as the following:  
For S1, b= 0.00059. 
For S2, b= 0.00062. 
For S3, b= 0.00073. 
For S4, b= 0.00068. 
For S5, b= 0.00081. 
For S6, b= 0.00080. 
For S7, b= 0.00034. 
For S8, b= 0.00084. 
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These values can be imputed to the statement of ‘the stronger is the sorption, the lower is the diffusion’ (Lambarki, 
2006).  
A relation between the input and the output nitrate fluxes and hydrological years (cycles) can be configured (figure 
6.5). After a certain hydrological cycles (T), the tested soil sheet reaches its maximum sorption capacity. Thus the 
retardation capacity of the soil sheet is exhausted and no further sorption occurs. Consequently, at the time this 
happens for the last soil sheet, definitely, nitrate reaches groundwater and the number of the hydrological years 
required for accomplishing this process is known. Therefore, the possibility of the practical use of transmission 
attempts for a transport forecast is validated. 
 
Figure 6.5: Schematic representation of the hydrological cycles (year) and the input and output nitrate fluxes (mg/m2 
x day) (after Lambarki, 2006). 
The number of hydrological years (T) necessary for reaching the maximum sorption capacity of the investigated 
sheet can be calculated from the equation (6.2). 
                                                              T= 
Qx
Infiltration rate per year
  ……………………….…..…6.2 
Where: 
Qx = The used amount of water calculated in (L/m2) in order to achieve the maximum sorption capacity at 
concentration (Co) and it can be expressed by the equation (6.3). It is noteworthy to refer that the value of Qx can be 
also experimentally measured. 
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                                                                           Qx= 
M(in)
Co x A
……………………………………………...6.3 
Where: 
M(in) = The total input mass until reaching the maximum sorption capacity (J(out) /J(in) =1). M(in) is expressed in 
(mg). 
Co = The initial dissolved nitrate concentration in the source (mg/L). 
A = The surface area of the studied soil sheet (m2). 
 
From the resulting input flux curve the input mass (M(in)) is calculated by the following equation: 
                                                                    M(in)= ʃ   J(in) x dt  ………………………………………………6.4 
The M(in) value represents the total input mass of nitrate per sheet until exhaustion of sorption capacity. Values of 
Co and M(in) can be experimentally determined, furthermore, the infiltration rate is known and measured in (L/m2). 
This means that the maximum sorption capacity of a soil sheet is obtained at a height of 1 cm after T hydrological 
years if nitrate emission permeates continuously at a certain initial concentration. 
The values of total content of the mobilized contaminant in the source (Qg) and the initial dissolved concentration of 
nitrate in source (Co) were determined according to data obtained from the Federal Statistical Office, Wiesbaden 
(DWSTATIS) (2014). Through the upper input parameters, it is possible to calculate the total transmitted amount of 
nitrate within the unsaturated zone at definite initial concentration in the source (Mq (STotal + IqTotal)) as well as the 
average content of contaminant per year (Δm) as the following: 
                                                              Mq (STotal + IqTotal)= Qg x ρd x M x A          ………...…….……...6.5 
                                                                Δm= Co x Sr x A                                        …..……………….....6.6 
Where: 
Mq (STotal + IqTotal) = Total transmitted amount of nitrate within the unsaturated zone at definite initial concentration 
in the source (mg). 
Qg = Total content of the mobilized contaminant in the source (mg/kg). 
Bd = Bulk density (kg/L). 
M = Thickness of the source (m). 
A = Determined area (m2). 
Δm = Average content of contaminant per year (mg/year). 
Co = Initial dissolved concentration of nitrate in the source (mg/L). 
Sr = Infiltration rate (L/m2.year). 
 
 
 
n 
t=0  
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The source strength as a function of time is assumed to decrease exponentially according to equation (6.7). 
 
                                                      Q= mo x e                                                                                     ……………….……….6.7 
Where: 
Q = Mass of emission per year within a soil sheet (mg). 
mo = Initial contaminant mass (mg); mo= Sr x Co…………………………………………...………...…...6.8 
j = Hydrological years (year). 
 
The yearly determined released nitrate amount from the upperlying sheet according to equation (6.7) is considered 
also as the nitrate input amount for the underlying soil sheet. The input mass within the framework of ETI concept 
will be distributed through the soil profile until exhaustion of the contaminant source and/or the lifetime of the nitrate 
source reaches the abort criterion. The lifetime of nitrate source (Ω) in (year) can be represented by the following 
formula: 
                                                                ………..….……………...........................……................6.9 
Where Ω= Lifetime of nitrate source (year). 
As an example of the running iteration process of the ETI Excel Tool Program in terms of forecasting nitrate 
transport according to the Emission-Transmission-Immisssion concept, the mass of sorbed nitrate of the 1st (top) 
sheet (Rs) of S1 is determined as 190 mg per sheet (equation 6.10). Figure (6.6) illustrates the Emission concept of 
nitrate within the sheets of the unsaturated zone. The annual infiltration rate (Sr) of S1 equals to 255.5 mm according 
to the hydrological map of Schwalmtal. The total added amount of nitrate measured in (mg/m2) for the agricultural 
year (2013/2014) was acquired from the competent authority (Federal Statistical Office, Wiesbaden (DWSTATIS), 
2014). This value is utilized in addition to bulk density value of the soil sample in order to find the total added 
mobilized amount of nitrate (Qg) equals 77.99 mg/kg. Moreover, the initial dissolved nitrate concentration (Co) is 
calculated according to the relationship of Freundlich sorption isotherm and it equals to 10.40 mg/L (figure 5.40). 
Subsequently, the distribution of the amount of contaminant within the unsaturated zone profile (Transmission) is 
then iterated and determined by the model until it is reaching the groundwater (Immission) (figure 6.1). The output 
mass from a soil sheet corresponds to input mass of the underlying one. As a stopping criterion for each individual 
sheet, the total sorbed amount of nitrate within the unsaturated zone at a certain initial concentration (Mq (STotal) after 
Ω) measured in milligrams per Ω refers to the required lifetime for the unsaturated zone profile to be totally saturated 
with nitrate and it is measured in years. The maximum sorption capacity of nitrate in the unsaturated zone profile 
after 10 years is around 43 % of the Mq (STotal) after Ω= 23.08 years. Furthermore, the lifetime of the contaminant 
source at S1 to be exploited (Ω) is also evaluated based on the Transmission concept for all unsaturated zone sheets 
and equals to 23.08 hydrological years. The former considered parameters values relate to the mineral fertilizers as a 
source of nitrate of S1. The same calculations were conducted for the other samples (S2 through S8). In general, two 
different calculations were conducted: a) for mineral fertilizers and b) for mineral and manure fertilizers. As input 
(Ln (mo))2 
2 x Mq (STotal+IqTotal) 
x  j  - 
2 x Mq (STotal+IqTotal) 
 
Ln(mo) 
 
Ω = 
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data for case a, results of Diffusion setup were used whereas for case b, literature data for characterizing manure 
fertilizer were utilized (figure 6.7, Wendland et al. 2010). In figure (6.8), the Transmission concept to forecast nitrate 
transport within the unsaturated zone profile is represented. 
 
             Sorbed mass of nitrate of one sheet (Rs) = ʃ (J(in) – J(out)) x dt      …………………..…….….6.10 
 
 
          
Figure 6.6: Emission concept of nitrate within the sheets of the unsaturated zone. Figure (6.6.a) illustrates the 
immision of nitrate into groundwater after transmission within the saturated zone that is divided as sheets. Figure 
(6.6.b) shows the enclosed area between the input (J(in)) and output (J(out)) nitrate fluxes curves versus time. This 
area refers to the sorbed mass of nitrate within one soil sheet (M(sorb)).  
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1st sheet 
Where:  
Rs (mg) is equal to M(sorb). 
M(sorb) = The sorbed mass of nitrate (mg)  
(figure 6.6.b). 
M(sorb) 
6.6.a 
6.6.b 
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Figure 6.7: Nitrogen of manure fertilizer in NRW in 2003 (Wendland et al. 2010). 
 
 
Figure 6.8: Transmission concept to forecast nitrate transport in the unsaturated zone profile which is divided to 
several sheets of equal thickness (1 cm) if Rs value equals to 143.12 mg per sheet. (The color of the sheets repre- 
sents the amount of sorption, the darker the sheet color is, the greater is the sorption capacity) (after Lambarki, 
2006). 
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6.2 Long Term Prediction of Nitrate Contaminant Mass Transport                   
ETI Excel Tool model simulates vertical-particle travel length (depth of unsaturated zone) representing an 
appropriate method to conceptualize advective path of nitrate transport mechanism. According to the hydrological 
map, the thickness of unsaturated zones of samples, measured in (m), are descendingly ordered as:  
                       S2 (17.3) >  S5 (9.6) >  S3 (9.1) >  S1 (8.3) >  S6 (8.0) >  S4 (5.0) >  S8 (2.3) >  S7 (1.2) 
Further important hydrological factors and observational data also play significant roles in determining the amount of 
nitrate retained through soil layers and the quantity permeated to groundwater as a function of time. After data 
processing by the mechanistic model (ETI), data can be simulated.  
The results obtained are essentially forecasting the lifetime required for nitrate transported to groundwater as 
immission process. Furthermore, these results enable the user to judge, in dependence of the samples locations, for 
the most and less vulnerable groundwaters to nitrate risk during definite prospective hydrological years. That could 
be achieved by determining the amount of nitrate transported to groundwater (Mq (IqTotal)) during a certain time per 
squared meter. The running process of ETI Excel Tool Program was performed in two phases; the first is to assign 
the effects of mineral fertilizer, and the second phase is to involve impact of mineral and manure fertilizers. 
However, the amount of manure fertilizer added in various places in the study area comprises merely around 31 % of 
the total amount of the used fertilizers.  
An important remark should be taken into account when using this tool; the range of data input for each parameter is 
restricted by the application capability of the fields of the ETI Excel Tool program. Most significantly, through ETI 
Excel Tool model, consumption of nitrogen compounds by plant system is not taken into account. The amount of 
nitrogen consumed by plant for nutrition respectively; component of chlorophyll, component of amino acids, 
essential for carbohydrate utilization, component of enzymes, vitamins and hormones, stimulative of root 
development and activity and supportative to uptake of other nutrients (Olsen, 1972) are of major concern in regards 
to nitrogen losses from the total added amount of fertilizer nitrogen on the top of soil surface. Particularly, nitrate is 
considered as the main form of nitrogen taken up by most crop plants. The other main paths of fertilizer nitrogen 
losses are: denitrification especially in humid and semi-humid regions, chemodenitrification, NH3 volatilization and 
leaching to groundwater (Chalk and Smith, 1983). Because undisturbed samples were used in the Diffusion Cell at 
the laboratory to analyse the maximum sorption capacity (Smax) of nitrate, the former four mentioned channels 
contributing to fertilizer nitrogen losses were considered within the Transmission unit (Diffusion Cell) since these 
channels represent nitrogen recycling through the soil system. Therefore, this practice seems justified in terms of a 
favorable prognosis to be expected ‘best case’ at 1 cm sample thickness.  
On the other hand, disregard the portion of fertilizer nitrogen depleted mostly as nitrate for plant nutrition in the soil-
plant system affects nitrogen mass balance according to the ETI concept. Because the ETI Excel Tool can not 
determine this amount of nitrate, an overestimation of the amount of nitrate penetrating the groundwater will occur. 
It will be simply counted as unretarded amount of nitrate which can easily reach groundwater through leaching water 
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applying immission concept as its fate at the end. The view is indorsed of the ETI Excel Tool developer that a 
complex determination and attributable assessment should be afforded to deliver these input information. 
Nonetheless, it is believed that more reliable results of the amount of nitrate permeated to groundwater by immission 
can be determined taking into account the amount of nitrate losses driven in favor of plant nutrition.  
To overcome this imperfection, it was relied on information already cited in sections (2.2.1) and (2.2.2) of many 
corresponding literatures. Evans and Barber (1977) stated that losses of fertilizer nitrogen through leaching and 
denitrification are much higher than 5 % of the total added amount of fertilizer nitrogen on the top of soil surface. In 
other attempt of estimation ‘more than two thirds of the total amount of nitrogen added as fertilizer can be accounted 
for crop removal’ Stevenson (1986) confirmed. Likewise, Vincent (1982) declared that a portion of fertilizer nitrogen 
added to soil, estimated at 30-70 % is consumed by plants. More distinctly, Blicher-Mathiesen et al. (2014) 
confirmed that 29 % of nitrogen field balances is determined as nitrogen leaching by use of a linear model for annual 
observations of N leaching. Based on the former mentioned ratios, it was assumed that around 70 % of the total 
added amount of fertilizer nitrogen is considered as a mean of fertilizer nitrogen portion removed from soil as crop 
requirements and consequently the postulated ratio of 30 % was considered in the mass balance calculations of the 
ETI Excel Tool model in terms of leached amount of nitrogen fertilizer (Mq (STotal+IqTotal)) from the total added 
amount of nitrogen fertilizer on the subsoil (Mq Total). 
As outcomes of the ETI Excel Tool; the real sorption amount per soil sheet (Rs) measured in (mg) per sheet is 
determined according to total transmitted amount of nitrate within the unsaturated zone at definite initial 
concentration in the source (Mq (STotal + IqTotal)) which is measured in (mg) per observation years (considered as 50 
observation years) in 1 squared meter of determined area and 1 m thickness of the source. The two former mentioned 
parameters were defined for mineral fertilizer and mineral and manure fertilizers as shown in figures (6.9) and 
(6.10), respectively. The represented results in figures (6.9) and (6.10) illustrate that the samples have dissimilar Mq 
(STotal + IqTotal) values depending essentially on Qg and Bd in addition to M and A. The last two parameters are 
assigned in the ETI Excel Tool as 1, however, the Qg values were discussed before. Consequently, ρd is the 
parameter which affects negatively on the Mq (STotal + IqTotal) values (table 5.2 and equation 6.5). 
The actual added amounts of fertilizer in different sampling locations in the study area were standardized due to 
general data that are offered by the yearly report of fertilizer supply (2013/2014) published by Federal Statistical 
Office (DWSTATIS) in Wiesbaden. More significantly, the values of Rs of soil samples are varied rationally and 
considered as compelling evidence for relative different potentiality of each soil sample to contribute in groundwater 
vulnerability. The Rs values are looped calculated according to many influential factors entered as input (mentioned 
in section 6.1). The Rs values can definitely denote the most and less vulnerable groundwater to nitrate for the 
different sampling zones. The less is the Rs value, the less is the sheet capacity to retard nitrate. Thereupon, the 
groundwater aquifer related to the relevant sampling location of this sheet is more vulnerable. The soil samples Rs 
values are descendingly illustrated as the following:  
                                                                  S4 >  S8>  S7 >  S2 >  S1 >  S3 >  S5 >  S6 
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The unsaturated zone of S4 has the highest potential to hamper nitrate transport to the groundwater and retard it (the 
less vulnerable groundwater to nitrate). On the other hand, the unsaturated zone in regard to S5 and S6 has the 
highest potentiality to facilitate nitrate permeation to groundwater (the most vulnerable groundwater to nitrate). 
Emphasizing the input and output parameters by numbers in a structure can easily conceive the ETI concept. 
Therefore, a mass balance analysis scenario assigns the input and output parameters of the model according to the 
ETI concept, is illustrated in figure (6.11). It illuminates the determined parameters of S1. The results of all samples 
are illustrated in table (6.1). 
These results are essentially forecasting the lifetime required by nitrate to enter groundwater by immission process. 
Figures (6.12) and (6.13) represent the required lifetime for nitrate in the source to reach groundwater (Ω) for 
mineral fertilizer and mineral and manure fertilizers, respectively. Consequently, groundwater can be classified as 
vulnerable or less vulnerable to nitrate contamination. As illustrated in the former figures, the risk of nitrate 
contamination of groundwater appears in S6 groundwater zone earlier in comparison to the others. The nitrate 
contamination of S4 groundwater zone occurs later in about three times of that required lifetime for nitrate to reach 
groundwater in S6. The parameter Ω can be descendingly listed as the following:  
                                                S4 >  S8 >  S7 >  S2 >  S1 >  S3 >  S5 >  S6 
The former order of Rs values leads to a direct relationship between the results of Ω and Rs. Particularly; the S4 
groundwater zone requires 35.86 years (Ω) to be contaminated with nitrate which is the highest required lifetime, in 
addition to that S4 has the highest value of real sorption amount per soil sheet (Rs) which equals to 364 mg/sheet. 
 
As represented in figure (6.12) and (6.13), the unsaturated zones of samples of mineral and manure fertilizer sources 
receive higher concentrations of nitrate compared to mineral fertilizer source and have a slight increase in Ω values. 
This increase is accompanied with higher values of Mq (STotal) after Ω and Mq (IqTotal). These outcomes confirm the 
findings of unit 5. It is observed that at higher concentrations of nitrate solution, the soil sample shows the ability for 
more sorption. Then this case is assigned for the sorption isotherm theory which states that the higher is the 
adsorbate (nitrate) concentration, the more is the adsorbent (soil specimen) sorption capacity (Lambarki, 2006; 
Fetter, 1999). Furthermore, it was remarked that there is no necessity for the soil sample at higher concentrations to 
spend less time to reach the breakthrough point (when the soil sheet is completely saturated with nitrate) although the 
sorbed amount of nitrate is higher. 
In essence, the main driving force for nitrate transport towards groundwater in the unsaturated zone is infiltration rate 
(Sr) that accelerates nitrate movement within the unsaturated zone. The significant difference in the values of 
infiltration rates at the sampling locations makes its role obvious in forming differentiation on the values of affected 
parameters which ranges between 361.94 to 134.4 mm/year. The infiltration rates (mm/year) measured for the 
samples (figure 6.14) can be descendingly ordered:  
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S6 (361.97) >  S5 (349.08) >  S3 (279.42) >  S1 (255.5) >  S2 (247.52) >  S7 (182.89) >  S8 (179.3) >  S4 (134.44)  
From the order of Sr, it is noticed that the higher is the infiltration rate (S6 and S5), the lower is the required lifetime 
for nitrate in the source to reach groundwater (Ω). The Ω order for the studied samples is repeated here for 
confirmation:  
Figure 6.9: Outcomes of the ETI Excel Tool program represented by the total transmitted amount of nitrate within 
the unsaturated zone at definite initial concentration in the source of mineral fertilizers; (Mq (STotal + IqTotal)) in (mg) 
per observation years (consindered as 50 observation years) in 1 cubic meter and the real sorption amount per sheet 
(Rs) in (mg) per sheet. 
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Figure 6.10: Outcomes of the ETI Excel Tool program represented by the total transmitted amount of nitrate within 
the unsaturated zone at definite initial concentration in the source of mineral and manure fertilizers; (Mq (STotal + 
IqTotal)) in (mg) per observation years (considered as 50 observaton years) in 1 cubic meter and the real sorption 
amount per sheet (Rs) in (mg) per sheet. 
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Figure 6.11:  
 
Mq Total 
~70 % 
Mq (STotal + IqTotal) ~30 % 
Mq (Plant consumption) 
Soil Surface 
Mq (STotal) 
Mq (IqTotal) 
 
% ? 
% ? 
Mq Total= 442954 (mg/50 year) *.                          
Mq (Plant consumption)= 310067.56 mg ~ 70 %.                                                                    
Mq (STotal+IqTotal)= 132886.44 mg ** ~ 30 %. 
                                                                  
 
*: The total added amount of nitrogen fertilizer on the 
subsoil. The value is taken from the Federal Statistical Office, 
Wiesbaden (DWSTATIS), (2014).  
**: The value is calculated by the ETI Excel Tool model 
according to Qg value which is also obtained from the 
Federal Statistical Office, Wiesbaden (DWSTATIS), (2014).  
Mq (STotal+IqTotal)= 132886.44 mg/50 year.     
Mq (STotal+IqTotal)= 132886.44/50.                   
Mq (STotal+IqTotal)= 2657.73 mg/year. 
 
 
 
 
 
 
 
 
As outcomes of the ETI Excel Tool model 
Ω=26.92 year at Rs= 190 mg/sheet. Each soil 
sheet is 0.1 m thickness. 
Note that: The Mq (STotal+IqTotal) is considered 
within the period of 26.92 years as Mq (STotal) 
because the model assumes that all the amount 
of Mq (STotal + IqTotal) will be retarded during 
that period.  
Mq (STotal)= 2657.73 mg/year x 26.92 year.        
Mq (STotal) after 26.92 year (Ω)= 71546.1 mg; the 
amount of retarded NO3- within the unsaturated 
zone until being totally saturated with NO3-after 
Ω= 26.92 year.                                                        
Mq (STotal) after 26.92 year (Ω) ~ 16.15 % from Mq Total. 
 
Mq (IqTotal)= Mq (STotal+IqTotal)/50 year – Mq (STotal) after Ω.     
Mq (IqTotal)= 132886.44 – 71546.1.                                               
Mq (IqTotal)= 61340.34 mg/50 year.                                          
Mq (IqTotal) ~ 13.84 % of Mq Total.                                                   
 
 
 
 
 
 
 
Note that: The amount of Mq (IqTotal) starts to reach 
groundwater after 26.92 year. It means that after being the 
unsaturated zone completely saturated with NO3-, all the 
rest amount of added nitrogen as Mq Total will directly move 
to groundwater without any retardation. 
Figure 6.11: The scenario of mass balance analysis that assigns the input and output parameters of the ETI Excel Tool 
model according to the Emission-Transmission-Immission (ETI) concept.  
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Table 6.1: Results of the ETI Excel Tool model for the studied samples. 
Samples Mq Total* 
(mg/50 
year) 
Mq Plant 
consumption* 
(mg/50 
year) 
Mq (STotal 
+ Iq Total)* 
(mg/50 
year) 
Rs 
(mg/ 
sheet) 
Ω 
(year) 
Mq (STotal 
+ IqTotal)* 
(mg/year) 
Mq (STotal)* 
after Ω 
(mg/Ω) 
Mq (IqTotal)** 
(mg/50 year)  
S1 442954 310067.6 132886.4 190 23.08 2657.7 61340.4 71546 
S2 443045 310130.9 132914 196 23.89 2658.3 63506.3 69408 
S3 442876 310012.9 132863.1 174 20.6 2657.3 54739.6 78124 
S4 442792 309954.3 132837.7 364 35.86 2656.8 95510.2 37328 
S5 442914 310039.7 132874.3 139 13.2 2657.5 35078.9 97795 
S6 442735 309914.1 132820.9 134 11.84 2656.4 31452 101369 
S7 442997 310097.9 132899.1 265 30.69 2657.9 81573.4 51326 
S8 443050 310134.9 132915.1 271 31.12 2658.3 82726.3 50189 
S1*** 642970 450079.2 192891.1 277 23.19 3857.8 89462.9 103428 
S2*** 643054 450137.5 192916 285 23.94 3858.3 92368.2 100548 
S3*** 642837 449985.8 192851 253 20.65 3857 79647.5 113204 
S4*** 642734 449914.1 192820.3 525 35.95 3856.4 138290.9 54530 
S5*** 642859 450001 192857.6 202 13.24 3857.2 51068.7 141789 
S6*** 642633 449842.9 192789.8 195 11.94 3855.8 46038.1 146752 
S7*** 643013 450109 192903.9 386 30.76 3858.1 118675.2 74229 
S8*** 643055 450138.4 192916.4 394 31.15 3858.3 120186.7 72730 
 *     : Mq Total*, Mq Plant consumption*, Mq (STotal + IqTotal)* and Mq (STotal)* values are calculated per m3. 
 **  : Mq (IqTotal)** value is calculated per square meter and it starts actually after Ω. 
 ***: The samples from S1*** to S8*** represent the mineral and manure fertilizer nitrogen values and 
samples from S1 to S8 represent the mineral fertilizer nitrogen values. 
                                                       S4 >  S8>  S7 >  S2 >  S1 >  S3 >  S5 >  S6  
The values of Ω execute a considerable negative effect on the determined values of Mq (IqTotal) and consequently the 
Sr values affect it positively. The negative relation between the values of Ω and Mq (IqTotal) is attributed to their 
nexus in the calculations of mass balance that makes Mq (IqTotal) depending on Ω to find its value (figure 6.11) 
(particularly, transmission and immission sections). In other words, the higher is the infiltration rate (Sr), the lower is 
the required lifetime for nitrate in the source to reach groundwater (Ω) and the higher is the amount of nitrate 
transported to groundwater Mq (IqTotal). The values of Mq (IqTotal) measured in (mg/50 year) (figures 6.15 and 6.16) 
can be descendingly ordered:  
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Figure 6.12: The required lifetime of nitrate to reach groundwater (Ω) (year) and the real sorption amount per soil 
sheet (Rs) (mg/sheet) for the mineral fertilizer. 
 
Figure 6.13: The required lifetime of nitrate to reach groundwater (Ω) (year) and the real sorption amount per soil 
sheet (Rs) (mg/sheet) for the mineral and manure fertilizers. 
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Figure 6.14: Infiltration rate map of the study area and the geographical locations of the sampling points. 
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                                                        S6 >  S5 >  S3 >  S1 >  S2 >  S7 >  S8 >  S4  
The results of Mq (IqTotal) affirm that S6 groundwater zone is the most vulnerable to nitrate with Mq (IqTotal) value 
equals to 101369 mg/50 year for mineral fertilizer and 146752 mg/50 year for mineral and manure fertilizers. In 
contrast, S4 groundwater zone is the least vulnerable with Mq (IqTotal) value equals to 37328 and 54530 mg/50 year 
for mineral fertilizer and mineral and manure fertilizers. 
However, no explicit effect is exerted by the depth of unsaturated zone on Ω values. Moreover, a relatively small 
differentiation in grain size of the samples imposed by the nature of geological characteristics of the study area 
makes the regarded saturated zones almost similar in their soil classes. As it was mentioned before in section (5.1), 
the main characterization of the grain size ranges between sand and silt soils (table 5.1). 
A few researchs examined the nitrate transport behavior starting from the on-ground nitrogen loadings until nitrate 
fate and transport into groundwater quantitatively. Almasri and Kaluarachchi (2007) developed a soil nitrogen model 
using MODFLOW and MT3D programs in order to count for the transient and spatially variable nitrate leaching to 
groundwater. The study has considered Sumas-Blaine aquifer in Washington State-USA as a study area. Although 
the methodology has been quite different, a mathematical comparison with a respective sample of the current study 
(S8 is similar in the hydrological characteristics) referred to a high correspondence of the current results of nitrate 
mass leached to groundwater and the required lifetime for nitrate to reach the quasi-steady state into groundwater.  
To summarize: After defining the total added amount of nitrate on the top of soil surface (Emission), the nitrate 
uptake either by plant consumption (assumed ratio) or by other numerous geochemical and biological processes 
(assigned experimentally) (Transmission) is determined, and consequently, the lifetime required for certain amount 
of nitrate to reach groundwater is estimated. In this case it is arguably, that the Emission-Transmission-Immission 
(ETI) concept is successfully executed. 
Definitely, the ETI Excel Tool is a reasonable model based on mathematically significant empirical relations 
between nitrate concentration and sorption data in addition to many other hydrogeological parameters. The program 
proved its eligibility to simulate the ETI concept of nitrate by an iteration process utilizing the results of the 
Diffusion setup experiments. Thence, the program is capable to define the most and less specific vulnerable 
groundwater for different locations of the study area by determining the required lifetime for nitrate in the source to 
reach groundwater and amount of nitrate reached groundwater as well. The respective results simulate the 
contaminant transport within the vadose zone just until nitrate reaching to the groundwater because ETI Excel Tool 
does not fit for contaminant transport in groundwater. Vulnerability means for us just the status till a contaminant 
reaches groundwater respectively for unstaurated zone. Contaminant transport in groundwater is totally different 
from transport process in soils or unsaturated zone because it depends on contaminant transport in a hydrogeological 
formation. Data about the formation type, area, capacity, hydraulic conductivity, transmissivity and chemical, 
biological and physical characteristics are essential. 
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Figure 6.15: The amount of nitrate transported to groundwater Mq (IqTotal) of mineral fertilizer source in (mg per 50 
observation years within in 1 squared meter, in addition to the required lifetime for nitrate in the source to reach 
groundwater in (year). 
 
Figure 6.16: The amount of nitrate transported to groundwater Mq (IqTotal) of mineral and manure fertilizer source in 
(mg per 50 observation years within in 1 squared meter, in addition to the required lifetime for nitrate in the source to 
reach groundwater in (year). 
For mapping of groundwater vulnerability, this study provides a tool for stakeholders as decision makers to forecast 
the required lifetime of nitrate to reach groundwater. This outcome is very important to set groundwater protection 
strategies for example in water safety plans. 
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7 Mapping and Quantification of Groundwater Vulnerability Classes 
As referred in section (2.2.6), the concept of vulnerability, in general, can be defined as an intrinsic property of a 
groundwater system that depends on the sensitivity of that system to human and/or natural impacts. Two types of 
vulnerability assessment; intrinsic and specific can be defined. The term ‘intrinsic (or natural) vulnerability’ is 
defined solely as a function of hydrogeological factors; characteristics of an aquifer, overlying soil and geological 
materials. In addition to intrinsic properties of a groundwater system, researchers and stakeholders also wish to 
include potential human impacts, which may prove detrimental in space and time to the groundwater resource at the 
present and future uses (Gurdak, 2008). To depict this concept, the term ‘specific (or integrated) vulnerability’ is 
used. 
Groundwater vulnerability maps are particularly useful for regulatory, managerial and decision making purposes to 
help regulators and planners make environmentally sound decisions regarding groundwater protection. These maps 
are also a good tool to make local and regional assessment of groundwater vulnerability potential, to identify areas 
susceptible to contamination, to design monitoring networks, to evaluate groundwater contamination in particular 
NPS of contaminants and can be used to educate the public about groundwater being part of a larger, interconnected 
ecological system. 
As the concept of vulnerability of groundwater is a relative, non-measurable, dimensionless property, vulnerability 
maps subdivide an area into several units showing the differential potential of contamination for a specified purpose. 
Maps of groundwater vulnerability can be time dependent, requiring updating to portray changes in a groundwater 
system and in the location and nature of contaminant. The current study investigates mainly the impact of nitrate as a 
contaminant resulting from added mineral fertilizer nitrogen. Intrinsic vulnerability is assessed using the DRASTIC 
model. On the other hand, specific vulnerability to nitrate is determined using a compiled system of two approaches; 
the first is the Diffusion setup that depicts a sum of hydrogeological, physiochemical and biological processes. The 
second is the mathematical model called the ETI Excel Tool, which conceptualizes the ETI concept and determines 
the amount of nitrate that can reach groundwater through iteration processes for competent input inclusive the 
maximum sorption capacity of a soil sheet (Smax) of 1 cm thickness. The ETI Excel Tool model can determine the 
amount of nitrate leached to groundwater by immission manifestation Mq (IqTotal) and define the detention (delay) 
time for nitrate mass transport within the unsaturated zone until reaching to groundwater (Ω) (year). Based on the 
results of the experimental and mathematical models, the last wished and anticipated outcome is to quantify the 
assigned intrinsic groundwater vulnerability index with regard to total required lifetime needed for nitrate to reach 
groundwater. The quantification process is represented as specific vulnerability maps hold definite, measurable, 
quantified, reasonable, logic and reliable values but certainly, not arbitrary index as those of DRASTIC index 
(intrinsic vulnerability index). 
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7.1 Mapping of Intrinsic Vulnerability 
The idea of describing the degree of vulnerability of groundwater to contaminant as a function of hydrogeological 
conditions ‘intrinsic vulnerability’ by means of maps is conceived to show that the protection provided by the 
natural environment varies at different locations. Several hydrogeological attributes are portrayed on a map showing 
various homogeneous areas. Each area represents a different class/level of vulnerability possesses a dimensionless 
index of a relative importance based on arbitrary judgment. Several types of index have been developed for 
groundwater vulnerability assessments. The DRASTIC index (Aller et al. 1987) is perhaps the best known 
vulnerability mapping method. 
 
DRASTIC was developed by the U.S Environmental Protection Agency (Aller et al. 1987). The acronym DRASTIC 
is taken from the initial letters of seven parameters as the following: D: Depth to groundwater, R: net Recharge, A: 
Aquifer media, S: Soil media, T: Topography, I: Impact of vadose zone, and C: hydraulic Conductivity. In Brief, 
DRASTIC as an overlay method or ‘parameter weight and rate method’ assigns a numerical value to each class of an 
attribute based on its magnitude or qualitative ranking from 1 to 10 (rate). Each attribute, in turn, is assigned a 
multiplier identified as an importance weight to each parameter from 1 to 5 (weight) to reflect fairly the relationship 
among the parameters and their importance for vulnerability assessment. The rate for each class of an attribute is 
multiplied by the weight of the parameter and the products of the seven parameters are summed to obtain the final 
numerical score that provides relative measure of the vulnerability of one area compared to other areas. The higher 
the score, the greater is the sensitivity of an area. More details about DRASTIC concept, its attributes, its 
configuration process (overlay method) and way of assessment is illustrated in section (2.2.6). In this section (7.1) 
the main aim is to map the intrinsic groundwater vulnerability using the DRASTIC method. 
 
ArcGIS software was used to manipulate the necessary data, perform data analyses and implement the DRASTIC 
model. A combination of aquifer simulation models and GIS offers a unique opportunity to perform the assessment 
of vulnerability and conduct mapping based primarily on hydrogeological evaluation rather than on general rating 
procedures. 
In this approach, all DRASTIC parameters data are geographically referenced, digitized and entered into a data base. 
All data sets are registered as data layers with a common coordinate system of Germany Zone II and manipulated to 
produce derivative maps, and finally, a vulnerability map with 1:75000 scale exists. The assigned rate and weight of 
each parameter of DRASTIC are illustrated in table (7.1.a-g).The seven DRASTIC derivative maps and the resulting 
final standard DRASTIC vulnerability map are illustrated in the figures (7.1) through (7.8), respectively. 
 
The Depth to groundwater (D) varies between 0 to 23.1 m across the aquifer system of the study area which is 
characterized as shallow groundwater (figure 7.1). Around surface water bodies, the depth to groundwater (thickness 
of the unsaturated zone) decreases to less than 2 m. This pattern maximizes the hydraulic connection between 
groundwater and surface water and therefore, a high potential for groundwater contamination. According to the 
classification of Aller et al. (1987), the rates range between 2 and 10 (table 7.1.a).  
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Ranges (classes) Rates 
Covering              
area in 
(%) 
Massive shale 2 N.A.* 
Metamorphic/igneous 3 N.A.* 
Weathered 
metamorphic/igneous 
4 0.21 
Glacial till 5 0.88 
Bedded sandstone, 
limestone and shale 
sequences 
6 12.42 
Massive sandstone 6 N.A.* 
Massive limestone 6 N.A.* 
Sand, gravel and a 
little clayey silt 
7 
83.13 
Sand and gravel 8 1.95 
Basalt 9 1.41 
Karst limestone 10 N.A.* 
Ranges (classes) Rates 
Covering              
area in 
(%) 
Thin or absent 10 N.A.* 
Silty sand, slight gravel 10 41.65 
Sitly sand 9 28.94 
Peat 8 N.A.* 
shrinking and/or                
aggregated clay 
7 N.A.* 
Sandy loam 6 N.A.* 
Sandy silt, slight clay 5 29.41 
Silty loam 4 N.A.* 
Clay loam 3 N.A.* 
Muck 2 N.A.* 
Non-shrinking and                         
non-aggregated clay 
1 N.A.* 
Ranges 
(meters) 
Rates 
Covering              
area in 
(%) 
0-1.5 10 8.14 
1.5-4.6 9 23.15 
4.6-9.1 7  42.97 
9.1-15.2 5 22.03 
15.2-22.9 3  3.69 
22.9-23.1 2 0.0003  
>30.5m 1 N.A.* 
Ranges 
(mm) 
Rates 
Covering              
area in 
(%) 
0-50.8 1 0.0005 
50.8-
101.6 
3 0.067 
101.6-
177.8 
6 23.63 
177.8-
254 
8 27.65 
>254 
mm 
9 48.65 
Ranges (m/s) Rates 
Covering              
area in 
(%) 
4.72E-7 - 4.72E-5 1 10.05 
4.72E-5 - 1.42E-4 2 0.21 
1.42E-4 - 3.31E-4 4 N.A.* 
3.31E-4 - 4.72E-4 6 1.95 
4.72E-4 - 9.44E-4 8 86.99 
>9.44E-4 10 0.79 
Ranges 
(slope 
in %) 
Rates 
Covering              
area in 
(%) 
0-2 10 78.69 
2-6 9 18.08 
6-12 5 2.78 
12-18 3 0.39 
>18 % 1 0.04 
Ranges (classes) Rates 
Covering              
area in 
(%) 
Silt 2 6.01 
Loamy silt 3 41.35 
clayey sand, middle gravel and sand 4 27.28 
Fine sand and silt 5 7.26 
Middle sand and silt 6 3.13 
Bedded limestone, sandstone and 
shale 
6 N.A.* 
Fine-middle sand 7 11.79 
Gravel, sand and fine sand 8 0.264 
Gravel, sand and fine-coarse sand 9 2.89 
Karst limestone 10 N.A.* 
   Table 7.1.f:  Impact of vadose zone (I) with weight (5). 
 
Table 7.1.g: hydraulic Conductivity 
(C) with weight (3). 
 
Table 7.1.c: Aquifer media (A) with 
weight (3) 
 
Table 7.1.a: Depth to groundwater 
table (D) with weight (5).                                                   
  
Table 7.1.b: Net Recharge (R) 
with weight (4). 
Table 7.1.e: Topography (T) 
with weight (1). 
Table 7.1.a-g:  Analysis of relative importance of each parameter categories represented by their rates 
according to DRASTIC index and area of contribution for each category in (%) in the study area. 
 
Table 7.1.d: Soil media (S) with weight (2). 
N.A.*.: not 
available. 
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Recharge rates (R) are based on an average value of the annual recharge rates of the study area and characterized by 
a relatively high annual rainfall of 750 mm/year (Geological Survey North Rhine-Westphalia (GD-NRW), 2000). 
The rate of groundwater net recharge is relatively high with 170 mm/year (GD-NRW, 2000). Figure (7.2) shows high 
recharge zones mainly in the northwestern and southwestern parts of the aquifer with additional scattered spots in the 
study area. Areas of low recharge rate are associated with urban areas due to prevention of rainwater to penetrate 
downward to recharge groundwater, but facilitate the runoff by roofs and pavements. Furthermore, forested areas 
cause low recharge rates which is imputed to high rates of evapotranspiration. Negative groundwater recharge rates 
exist in limited parts in the study area at the surroundings of lakes and rivers which are attributed to evaporation from 
the surface water bodies in the area. However, the highest recharge rates occur in the agricultural zones (around 50 % 
of the study area), which enhance rates of recharge due to some agricultural practices such as the existence of 
crumbled soil covers instead of paved surfaces, irrigation, channels cropping and water harvesting. The rates 
assigned for net recharge parameter ranges between 1 and 9 (table 7.1.b). 
More than two thirds of the study area (87.78 %) is covered with a highly conductive groundwater aquifer (table 
7.1.g and figure 7.7), which is mainly composed of sand and gravel belonging to the Tertiary and Quaternary 
sediments (Aljazzar, 2010). This pattern of Aquifer media (A) which have low protection potential against 
contaminant transport is assigned a high rate value in the range 4-9 (figure. 7.3 and table 7.1.c). However, because  
 
Figure 7.1: Map of depth to groundwater and its classes as products of multiplied rate values 
by weight value. 
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this type of aquifer media covers vast areas, it minimizes the significant impact of the aquifer media, as seen in the 
pattern of depth to groundwater, relatively to the impacts of other DRASTIC parameters with more variation. 
 
The Soil media (S) map (figure 7.4) with rates of 5, 9 and 10 (table 7.1.d), shows variability of three main soil 
classes (figure 5.1). The silty sand soil is found mainly in western part of the study area (forested lands) and in the 
surroundings of the surface water bodies. The second soil media class is the ‘silty sand, slight gravel’ which is 
located in the middle of the study area across its vertical axis. The third class is ‘sandy silt, slight clay’ that extends 
along the eastern part of the study area. The distribution pattern of soil media classes within the study area gives the 
soil media parameter a moderate impact on the final standard DRASTIC vulnerability map. Moreover, the silty sand 
soils, which spread over a wide scale in the study area, generally permit small amounts of runoff and facilitate 
recharge process. The regions remarked in orange and dark red colors in figure (7.4) refer to silty sand and ‘silty 
sand, slight gravel’, respectively. 
 
The Topography (T) layer (figure 7.5) displays a very gentle slope of less than 1.15 % distributed over 78.69 % of 
the study area, which is assigned a rate of 10. The other topographical zones are given rates of 1, 3, 5 and 9 (table 
7.1.e). 
 
 
Figure 7.2: Map of net recharge and its classes as products of multiplied rate values by weight 
value. 
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The vadose zone (unsaturated zone) consists of loamy silt, clayey sand, middle sand and gravel deposits (figure. 7.6). 
The rate system for Impact of vadose zone (I) is illustrated in table (7.1.f) ranges between 2 and 9. 
The hydraulic Conductivity (C) classes are assigned their rates based on variations of composition of the aquifer 
media which define the specified values for each category of hydraulic conductivity. The rate assigned for hydraulic 
conductivity parameter ranges between 1 and 10 (table 7.1.g). Although a wide range of hydraulic conductivity rate 
is found, 86.99 % of the study area is assigned the rate value 8 of hydraulic conductivity that has value ranges 
between 4.72E-4 to 9.44E-4 m/s as shown in figure (7.7). The dominance of this class in the study area reduces the 
impact of the hydraulic conductivity in relative to the other parameters of DRASTIC as the case of aquifer media. 
The final standard DRASTIC vulnerability map shown in figure (7.8), is compiled from the seven hydrogeological 
attributes maps (figures. 7.1 to 7.7). It differs from these maps by showing more concrete and accurate information 
on vulnerability to groundwater. Therefore, it is an interpretive and user-oriented map. 
The most difficult aspect of implementing the ‘parameter weight and rate method’ is to break the final numerical 
rating scores range into general classes of vulnerability. The final standard DRASTIC vulnerability map (figure 7.8) 
evidences the potential and sensitivity of the aquifer for contamination in four vulnerability classes. Choosing the 
rating scores that separating the classes of the final standard DRASTIC vulnerability map is based on substantial  
 
Figure 7.3: Map of aquifer media and its classes as products of multiplied rate values by 
weight value. 
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Figure 7.4: Map of soil media and its classes as products of multiplied rate values by weight 
value. 
Figure 7.5: Map of topography (slope) and its classes as products of multiplied rate values by 
weight value. 
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Figure 7.6: Map of impact of vadose zone and its classes as products of multiplied rate values by 
weight value. 
Figure 7.7: Map of hydraulic conductivity and its classes as products of multiplied rate values by 
weight value. 
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Figure 7.8: Intrinsic vulnerability map of the standard DRASTIC classes index as products of multiplied rate values by weight value. 
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literature review of other similar projects but still judgmental and subjective. As displayed in table (7.6), the final 
standard DRASTIC vulnerability classes are: (1) low vulnerable class with 84-100 index values (covers 0.71 % of 
the study area and is scarcely distributed at the north east part) (2) moderate vulnerable class with 100-140 index 
values (covers 19.6 % of the study area and is concentrated at the north east and south east part and in other parts at 
the middle) (3) high vulnerable class with 140-180 index values (covers 76.84 % of the study area and is spread on 
the most surface of the study area but not completely at the north east part) and (4) very high vulnerable class with 
180-199 index values (covers 2.85 % of the study area and is slightly distributed at the middle, north and south).  
The final standard DRASTIC vulnerability map (figure 7.8) is a tool for giving a geoscientific reasoning refers to 
high sensitivity of the hydrogeological attributes toward contamination potential since about 76.84 % of the area is 
naturally highly vulnerable (table 7.6), which could be attributed to low depths to groundwater (1.2 to 9.1 m) (figure 
7.1 and table 7.1) and low slopes (1.15 and 6 %) (figure 7.5 and table 7.1). Due to the aquifer composition of sand 
and gravel (figure 7.3), the aquifer media has high impact in this zone. Subsequently, an increase of hydraulic 
conductivity impact is determined (figure 7.7). This results in a low capacity to attenuate the nitrate contaminant. 
The spatial identification of high vulnerable class which is represented in orange color (figure 7.8) covers more than 
two thirds of the study area. In contrast, low vulnerable class (green color) represents solely around 0.71 % of the 
study area. The low vulnerable class could be imputed to the slight effect of depth to groundwater (high depth to 
groundwater around 17.3 m), thus lower effect of hydraulic conductivity is also expected. Moreover, the impact of 
vadose zone that consists mainly of silt in this part of the study area (figure 7.6) has also a small effect on 
groundwater vulnerability.  
In general, the standard DRASTIC vulnerability pattern is mainly affected by the parameter of depth to groundwater 
and less by aquifer media and hydraulic conductivity. 
DRASTIC index scores refer to relative zones of vulnerability with a margin of uncertainty, because there are no 
absolute values of contamination levels. Because vulnerability maps are compiled for practical use, their index 
should be not misinterpreted but obvious and directly oriented and understood. Therefore, specific attributes maps; 
such as map of required lifetime for nitrate to reach groundwater divided by depth to groundwater (year/m), are 
created to be compiled with the intrinsic vulnerability maps leading to integrated/specific vulnerability maps. The 
created specific vulnerability maps can reveal real values of the groundwater vulnerability index. This approach is 
presented in section (7.4). 
7.2 Statistics of the DRASTIC Parameters  
In order to interpret mathematically the impact of each parameter for creating a significant variation on the resulted 
map of the groundwater vulnerability, a statistical summary of the seven rated parameters of DRASTIC was prepared 
(table 7.2). The results show that the highest risk of contamination originates essentially from soil media (mean: 7.2), 
aquifer media (mean: 6.5) and depth to groundwater (mean: 6) and to a lesser extent from topography (mean: 5.6) 
and impact of vadose zone (mean: 5.5). The net recharge and hydraulic conductivity impose the lowest risk of 
aquifer contamination (mean: 5.4). 
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The coefficients of variation (CV) indicate that a high contribution to the variation of the DRASTIC vulnerability 
index is made by the hydraulic Conductivity (71.2 %), Topography (68.7 %) and net Recharge (62.3 %) and an index 
is made by the hydraulic conductivity (71.2 %), topography (68.7 %) and net recharge (62.3 %) and a moderate 
contribution is due to depths to groundwater and impact of vadose zone (53.7 % and 44.5 %, respectively). Soil 
media and aquifer media are the least variable parameters (38.5 % and 28.8 %, respectively), which imply a smaller 
contribution to the variation of the vulnerability index across the study area. 
 
 
                                Table 7.2: A Statistical summary of the seven rated DRASTIC parameters 
Statistics D R A S T I C 
Minimum 2 1 4 3 1 2 1 
Maximum 10 9 9 10 10 9 10 
Mean 6 5.4 6.5 7.2 5.6 5.5 5.4 
SD ± 3.2 ± 3.4 ± 1.9 ± 2.8 ± 3.8 ± 2.4 ± 3.8 
CV (%) 53.7 62.3 28.8 38.5 68.7 44.5 71.2 
 
 
7.3 Sensitivity Analysis of Intrinsic Vulnerability Parameters 
A fundamental characteristic of all approaches to intrinsic vulnerability assessment is uncertainty, based either on 
the method itself or on the data it uses. Thus one arrives at the Second Law of Groundwater Vulnerability: 
Uncertainty is inherent in all vulnerability assessments (National Research Council, 1994). Since its inception, 
DRASTIC effectiveness has still to be proven because of its main weakness that so many variables are factored into 
the final number (vulnerability index) that critical parameters in the groundwater vulnerability may be subdued by 
other parameters that have no bearing on vulnerability for a particular setting.  
The way to deal with avoiding subjectivity is to perform a sensitivity analysis (Napolitano and Fabbri, 1996). 
Therefore, sensitivity analyses are conducted to evaluate the relative significance of DRASTIC parameters and their 
influence on the resultant map. In this section two sensitivity approaches are presented to analyse the sensitivity of 
DRASTIC parameters:  
(1) Map removal sensitivity analysis and  
(2) Single parameter sensitivity. 
7.3.1 Map Removal Sensitivity Analysis  
The sensitivity approach of map removal sensitivity analysis is defined by Lodwick et al. (1990) and describes the 
sensitivity of the vulnerability map when removing one of DRASTIC parameters from the sensitivity analysis. More 
details about this approach are already mentioned in section (2.2.6).  
The lowest variable The highest variable 
Executes the highest risk 
Executes the lowest risk 
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The variations of the sensitivity variation index as a result of removing one layer from the assessment are illustrated 
in table (7.3) and figure (7.9). Considering the mean values of the sensitivity variation index, the highest variation 
index value (22.9 %) belongs to the both depth to groundwater and topography. The variation index of the depth to 
groundwater confirms a complete correspondence to its theoretical weight (5) but a contradiction appears for the 
parameter topography. Although, the mean percent of the sensitivity variation index of topography is the highest one 
(22.9 %) (as for depth to groundwater), this value does not coincide with the topography theoretical weight (1) that 
constitutes around 4.35 % of the total theoretical weight of DRASTIC parameters, as shown in table (7.4). It is 
obvious that high variation of the vulnerability index is expected on removal of the depth to groundwater that has the 
highest mean of sensitivity variation index. The high sensitivity variation index of depth to groundwater can be 
attributed to the low depth of groundwater characterized for about 74.26 % of the study area (table 7.1). The zone of 
low depth to groundwater in the study area appears under the surface water bodies of lakes and rivers and in the 
places surrounding them. 
                                            Table 7.3: Statistics of map removal sensitivity analysis. 
 
Sensitivity Variation Index 
Parameter Maximum 
75th     
percentile 
Median Mean 
Mean 
(%) 
25th      
percentile 
Minimum 
D 4.56 2.22 1.48 1.57 22.9 0.99 0.00 
R 3.87 1.54 1.22 1.16 16.9 0.70 0.01 
A 3.50 0.30 0.16 0.22 3.2 0.09 0.00 
S 2.68 1.50 1.13 1.22 17.8 1.05 0.00 
T 4.56 2.22 1.48 1.57 22.9 0.99 0.00 
I 3.84 0.89 0.73 0.69 10.04 0.32 0.00 
C 3.98 0.46 0.25 0.44 6.4 0.13 0.00 
 
 
Figure 7.9: Representation of the statistics of map removal sensitivity analysis. 
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A significant correspondence is observed between the sensitivity variation index (22.9 %), as shown in table (7.3), 
and the high theoretical weight of depth to groundwater which equals to 5 and constitutes around 21.74 % of the total 
theoretical weight of DRASTIC parameters, as shown in table (7.4). There is no match between the high mean value 
of sensitivity variation index of topography (22.9 %) and its theoretical weight (1) which forms just about 4.35 % of 
the total theoretical weight of DRASTIC parameters (table 7.4). This is because the topography of 
Schwalmtal/Nettetal is almost flat, since around 78.69 % (table 7.1) of its total area has gentle slope of a value less 
than 2 %. In figure (7.5) areas of gentle slopes are colored with dark red. 
On the other hand, the aquifer media parameter shows the lowest mean value of the sensitivity variation index of 3.2 
% whereas the value of the theoretical weight according to DRASTIC model equals to 3 and constitutes around 13.9 
% of the total theoretical weight of DRASTIC parameters. Furthermore, no correspondences exist between the net 
recharge, soil media, impact of vadose zone and hydraulic conductivity sensitivity variation index and their 
DRASTIC theoretical weights. Consequently and based on the outcomes of this approach, it is observed that there is 
no correspondance between the values of sensitivity variation index of the parameters and the theoretical weight 
except depth to groundwater parameter (tables 2.7 and 7.3). 
7.3.2 Single Parameter Sensitivity Analysis 
The DRASTIC index are highly sensitive to the parameter scores. In addition to that, the numerical values assigned 
to its parameters are essentially arbitrary and they are considered as qualitative or semiquantitative compilations and 
interpretations of mapped data (Al-Adamat et al. 2003; National Research Council, 1994). Therefore, the single 
parameter sensitivity analysis which was introduced by Napolitano and Fabbri (1996) is also applied in order to 
conduct a comparison between the values of the theoretical weights given in the standard DRASTIC index and the 
effective or the real weight for each parameter. This could be achieved by computing the single parameter sensitivity 
analysis for each parameter separately through measuring the impact of each parameter on the standard DRASTIC 
index. More details about the approach of single parameter sensitivity are illustrated in section (2.2.6).  
The “effective” weight of any parameter is a function of the other six parameters as well as the weight assigned to it 
by the DRASTIC model. The ‘effective’ weights of the DRASTIC parameters exhibited almost a good 
correspondence with the ‘theoretical’ weight except of impact of vadose zone (table 7.4 and figure 7.10). The depth 
to groundwater tends to be the most effective parameter in the vulnerability assessment with an average effective 
weight of 23.6 % which corresponds to the “theoretical” weight (21.7 %). The harmonization between the theoretical 
and the real weight of depth to groundwater is due to the significance of this parameter which dominates the study 
area as low depth to groundwater which in turn assigned high rating scores refers to high contamination potential. 
Around 74.26 % of the study area has low depth to groundwater ranges from 1.2 to 9.1 m (table 7.1) distributed in 
the places of water bodies and their circumstances as illustrated in figure (7.1) marked red, reddish-orange and 
reddish-beige colors. Because of the significant impact of this parameter, it is so important in configuring a reliable 
intrinsic vulnerability index. The effective weights of net recharge (21.6 %), hydraulic conductivity (14.3 %), aquifer  
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Table 7.4: Statistics of single parameter sensitivity analysis. 
   
Effective or real weight 
Parameter 
Theoritical   
weight 
Theoritical   
weight (%) 
Maximum 
75th    
percentile 
Median Mean 
Mean 
(%) 
25th    
percentile 
Minimum  
D 5 21.74 43.1 27.6 23.2 23.6 23.6 20.2 9.9 
R 4 17.4 39.1 23.5 21.6 21.2 21.6 18.4 8.3 
A 3 13 21.4 14.8 13.7 13.9 13.9 12.9 8.2 
S 2 8.7 16.2 8.0 7.5 7.0 6.9 5.3 3.1 
T 1 4.35 11.0 7.0 6.5 6.5 6.5 6.0 0.7 
I 5 21.74 36.6 16.3 12.7 13.6 13.6 9.8 5.9 
C 3 13 21.4 16.2 15.7 14.3 14.3 14.3 1.9 
 
 
Figure 7.10: Representation of statistics of single parameter sensitivty analysis. 
media (13.9 %), soil media (6.9 %), and topography of (6.5 %) show high coincidence with the theoretical weights 
for the reasonable DRASTIC rating scores. The effective weight of impact of vadose zone (13.6 %) is however lower 
than the theoretical weight (5) that constitutes around 21.74 % of the total theoretical weight of DRASTIC 
parameters. This can be attributed to the low diversified composition of unsaturated zone that mainly consists of silt, 
sandy silt or silty sand. 
In brief, according to the almost consistent results (effective weights) of the single parameter sensitivity analysis 
with the theoretical weights of the DRASTIC index, the DRASTIC model is almost highly sensitive and has a good 
feasibility to depict the contamination potential of the hydrogeological parameters. In contrast, a poor 
correspondence is found between values of the sensitivity variation index of the map removal sensitivity analysis 
showed a poor correspondence between values of the sensitivity variation index and the theoretical weight of 
DRASTIC parameters except depth to groundwater parameter. 
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The sensitivity analyses carried out in this study helped to validate and evaluate the consistency of the analytical 
results and are the basis for proper evaluation of the vulnerability maps. Using sensitivity analysis yields, a more 
efficient interpretation of the vulnerability index can be achieved (Raj Pathak et al. 2008). 
Many researchs evaluated the influence of DRASTIC parameters rating and weighting based on sensitivity analyses 
where various results were obtained. Taaki et al. (2009) dealt with the application of sensitivity analyses of 
DRASTIC overlay index method in Ghazvin plain. The results of map removal sensitivity analysis showed that 
seven DRASTIC parameters should be considered together. The hydraulic conductivity had the highest sensitivity. In 
contrast, Awawdeh et al. (2014) evaluated the vulnerability of groundwater to nitrate contamination and found that 
hydraulic conductivity had the lowest effect on the variation in the final vulnerability. But, the vulnerability index 
seemed to be sensitive to the removal of the impact of vadose zone. The single parameter sensitivity analysis showed 
that the impact of vadose zone also tends to be the most effective parameter in the vulnerability assessment in 
agreement with the result from map removal sensitivity. On the other hand, the results of single parameter sensitivity 
analysis by Taaki et al. (2009) illustrated that depth to groundwater strongly affected vulnerability. The differences 
are subjected to the dissimilar hydrological characteristics of each study area thus different rating and weighting 
scores assigned are affected by unavoidable subjectivity used to compute the vulnerability index. 
7.4 Modified DRASTIC Computation 
The overlay and index methods e.g. DRASTIC model, are driven largely by data availability and expert judgment. 
One can argue whether the factors included in these methods are the relevant ones for vulnerability assessment 
caused by a specific contaminant and whether the factors ratings are appropriate. Most significantly, the overlay and 
index methods have less emphasis on processes controlling groundwater contamination (Javadi et al. 2011). For this 
reason, it is intended to modify the standard DRASTIC index in order to improve its potentiality in detecting the real 
level of vulnerability. The question now is, which parameter can be inserted to the standard DRATIC formula or 
modified to enhance the capability of the model to reflect a real vulnerability assessment. 
Rupert et al. (1991) used a modified form of the DRASTIC model to develop a map of groundwater vulnerability. He 
suggested three of the seven DRASTIC factors; depth to groundwater, net recharge and soil media to be used in the 
model modification process. The three factors are believed to be the most important with respect to groundwater 
vulnerability and are the most readily accessible data. Debernardi et al. (2007) confirmed that neither single 
parameters nor vulnerability model are able to describe individually the complex phenomena affecting nitrate 
concentrations in soil and groundwater. In particular, the traditional methods for vulnerability analysis as DRASTIC 
do not analyse physical processes happen for nitrate in the soil media beside their main parameters. In this study, it is 
suggested to adjust the soil factor of DRASTIC exploiting the sorbed ratio. The sorbed ratio indicates the amount of 
nitrate sorbed expressed in milligrams to the dry unit mass of soil in kilograms. This ratio is a significant 
characteristic of the physical processes including; retardation, sorption, dilution, leaching, denitrification, 
chemisorption, diffusion, advection, absorption, ion exchange and physical and biochemical properties, occur to 
nitrate contaminant in the uppermost soil layer and in the vadose zone as well (Cambouris et al. 2008; Sigman et al. 
1997). Furthermore, the outcomes of the map removal sensitivity analysis proved a poor correspondence between 
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the sensitivity variation index of soil media, in addition to other parameters except depth to groundwater parameter, 
and its theoretical weight is another logic reason to conduct the modification process on soil media into the standard 
DRASTIC formula.  
The current study will apply two approaches in order to improve the effectiveness of the standard DRASTIC 
groundwater vulnerability map. Two approaches are applied: (1) modifying the standard DRASTIC formula by 
subtracting the sorbed ratio from DRASTIC vulnerability index. The modified DRASTIC groundwater 
vulnerability map utilizes the experimental data of sorbed ratios of the soil samples representing the study area. (2) 
modifying the point rating schemes of soil parameter in DRASTIC model using the sorbed ratio. The point 
ratings are different from those used by DRASTIC but were determined in the same manner. Point ratings are 
determined on the basis of best professional judgment. By applying those two approaches, two maps of the modified 
DRASTIC model were created. Considering the new developed maps (figures 7.11 and 7.12), a comparison between 
them and the final DRASTIC vulnerability map (figure 7.8) could be conducted. In this section, the methodology of 
treating the sorbed ratio to be ready for insertion in the modified formulas will be firstly presented and then the two 
modified approaches’ descriptions, equations and results will be discussed. 
7.4.1 Preparing the Sorbed Ratio to be Inserted in the Two Modified DRASTIC Approaches 
Two formulas for the former mentioned approaches will be applied, which has been suggested by Aljazzar (2010). 
Nevertheless, a different methodology to define the values of sorbed ratios is adopted in this study. The calculated 
nitrate sorbed ratios are determined based on the experimental results of the amount of sorbed nitrate to a dry unit 
mass of soil for each of the eight analysed samples (figures 5.41, 5.42 and 5.43). The actual initial nitrate 
concentrations (Co) applied by farmers in the study area govern the determined sorbed ratios, which are likely to be 
enclosed in the ranges of the three experimentally applied concentrations. The sorbed ratios should be recognized 
and inserted in the adjustment formulas (equations 7.1 and 7.2).  
To illustrate the methodology of determining the sorbed ratios; the values of actual initial nitrate concentrations (Co) 
for the analysed samples are enclosed in the range of the experimentally applied concentration of 25 mg/L. 
Consequently, the considered sorbed ratios for the soil samples can be defined in the range of concentration 25 mg/L, 
as shown in the figure (5.40) through (5.47). The obtained sorbed ratios at Co 25 mg/L that were applied in the 
equations (7.1) and (7.2) are listed in table (7.5).  
7.4.2 Modified DRASTIC Approaches 
7.4.2.1 Modifying the Standard DRASTIC by Subtracting the Sorbed Ratio (DRASTIC-Sorb.r) 
In this approach, the sorbed ratio is subtracted from the standard DRASTIC formula (equation 2.29) as shown in 
equation (7.1). A new surface map with the sorbed ratio of nitrate for the different soil classes is configured by 
applying the developed DRASTIC formula (7.1). 
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           DRASTIC-Sorb.r index= DrDw + RrRw + ArAw + SrSw + TrTw + IrIw + CrCw – Sorb.r……....….7.1 
 
Where:  
D, R, A, S, T, I and C are the seven parameters and the subscripts r and w are the corresponding rates and weights, 
respectively. 
Sorb.r = The sorbed ratio (%). 
Table 7.5: The mean of sorbed ratio used for both approaches of modified DRASTIC for each soil sample at nitrate 
concentration of 25 mg/L organized according to the soil class. 
 
 
 
 
 
 
 
            *: The mean values of sorbed ratios are utilized in the merged fields of soil samples that have the same 
soil class using the ArcGIS program. This is in order to create the two raster maps. 
Inserting the sorbed ratio into the standard DRASTIC formula reveals about the real capacity of the covering layers 
(soil media) in hindering the process of nitrate transport towards groundwater and consequently the potentiality to 
protect the underlying groundwater.  
7.4.2.2 Modifying Soil Parameter in DRASTIC Using the Experimental Data of Sorbed Ratio (DRASTIC-
S.Sorb.r) 
The soil media is modified by assigning the sorbed ratio for each class in the standard DRASTIC model, which 
reflects the effect of sorbed ratio in different soil classes. The developed soil parameter according to this approach is 
inserted into the standard DRASTIC formula (equation 2.29) to obtain the new developed equation (7.2). 
       DRASTIC-S.Sorb.r index= DrDw + RrRw + ArAw + (SrSw x (1-Sorb.r)) + TrTw + IrIw + CrCw…..7.2 
 
Where:  
D, R, A, S, T, I and C are the seven parameters and the subscripts r and w are the corresponding rates and weights, 
respectively. 
Sorb.r = The sorbed ratio (%). 
Results of the two modified approaches of DRASTIC model, are shown in figures (7.11) and (7.12). New developed 
vulnerability classes of two maps of the modified DRASTIC approaches were created and compared with those of 
Soil Class Sample 
Sorbed ratio 
(%) 
Mean of sorbed 
ratio (%)* 
Sandy silt, slight clay S1 1.41 x 10E-4 
1.38 x 10E-4 
Sandy silt, slight clay S2 1.35 x 10E-4 
Silty sand, slight gravel S4 8.8 x 10E-5 - 
Silty sand S3 8.46 x 10E-5 
8.338 x 10E-5 
Silty sand S5 6.3 x 10E-5 
Silty sand S6 6.48 x 10E-5 
Silty sand S7 1.56 x 10E-4 
Silty sand S8 4.85 x 10E-5 
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standard DRASTIC index (table 7.6). The distribution area for each vulnerability class in percent for the standard 
DRASTIC and the two modified DRASTIC approaches is displayed in table (7.6).  
Results (figures 7.11 and 7.12 in addition to table 7.6) showed that the first approach (DRASTIC-Sorb.r index) could 
not display a role in changing the standard DRASTIC vulnerability classes (figure 7.8). However, the second 
approach (DRASTIC-S.Sorb.r index) affirms the importance of conducting the modification process by the approach 
of adjusting soil in DRASTIC using the experimental data of sorbed ratio. That is because this approach has 
succeeded in revealing higher vulnerability index that proves insufficiency of the standard DRASTIC model alone to 
assess the groundwater vulnerability. The standard DRASTIC index underestimates the risk of groundwater 
vulnerability for nitrate. The relative soaring in the highest and the lowest boundaries index of the modified 
DRASTIC-S.Sorb.r index (180-205) and (87.9-100), respectively, compared with the other two types (table 7.6) is 
imputed to the lower actual capacity of soil to sorb nitrate which is overestimated by the expectation of standard 
DRASTIC index. The standard DRASTIC index expectation of the highest and the lowest boundary classes index 
equals to (180-199) and (84-100). The rating scores for the lowest and the highest margin of the DRASTIC-S.Sorb.r 
index are illuminated in Bold in table (7.6) compared with the rating scores of the other two types (DRASTIC-Sorb.r 
index and standard DRASTIC index). Moreover, this table shows different distribution areas that are determined by 
each vulnerability class of the two modified DRASTIC approaches. In terms of area coverage, the most significant is 
soaring the distribution area of DRASTIC-S.Sorb.r index at the high vulnerable class to 81.27 % and at the very high 
vulnerable class to 5.71 % compared to 76.84 % and 2.85 % at the same classes, respectively, of the standard 
DRASTIC index. This obtained changes in rating scores and percents of distribution ratios assure that using 
DRASTIC vulnerability model alone is insufficient and underestimate the real vulnerability levels. Therefore, it is 
justificative to integrate the behavior of specific contaminant (nitrate sorbed ratio) as a part of vulnerability formula 
to achieve more realistic outcomes of groundwater vulnerability. Subsequently, describing the contaminant behavior 
mathematically within a vulnerability formula to make the difference in determining the vulnerability classes must be  
Table 7.6: Vulnerability classes of the standard DRASTIC index, the modified DRASTIC-Sorb.r index and the 
modified DRASTIC-S.Sorb.r index in addition to the distribution areas of vulnerability classes in (%). 
Vulnerability 
approach 
Vulnerability classe 
Distribution area in (%) of 
vulnerability class 
low moderate high very high 
low 
class 
moderate 
class 
high 
class 
very high 
class 
Standard DRASTIC 
index 
84-100 100-140 140-180 180-199 0.71 19.60 76.84 2.85 
DRASTIC-Sorb.r 
index 
83.9-100 100-140 140-180 180-198.9 0.73 26.16 70.32 2.79 
DRASTIC-S.Sorb.r 
index 
87.9-100 100-140 140-180 180-205 0.58 12.45 81.27 5.71 
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Figure 7.11: Intrinsic vulnerability map of modified DRASTIC-Sorb.r index by subtracting the sorbed ratio. 
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Figure 7.12: Intrinsic vulnerability map of modified DRASTIC-S.Sorb.r index by adjusting the soil parameter with the experimental data of sorbed ratio. 
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proved as what happened in prevailing the role of DRASTIC-S.Sorb.r index formula over the DRASTIC-Sorb.r 
index. The DRASTIC-S.Sorb.r index formula succeeded in changing the highest and the lowest boundary of the 
standard DRASTIC vulnerability index whereas the DRASTIC-Sorb.r index formula was not efficient. 
It is also worth noting that the rates and weights values are not changed in the two modified DRASTIC index. This is 
in order to standardize the rating scores system for the vulnerability classes to conduct comparison between the 
modified approaches of DRASTIC and the standard DRASTIC index. Furthermore, keeping those values constant 
enables other authors to get the benefit from this work as a reference. 
7.5 Mapping of Specific Vulnerability, Quantification of Standard and Modified Intrinsic Vulnerability 
Classes and Comparison between the Results of Specific and Intrinsic Vulnerability. 
In this section, mapping of specific vulnerability by utilizing obtained parameters is configured and graphically 
represented. The configured maps contribute in quantifying the different approaches of intrinsic vulnerability either 
the standard DRASTIC index or the two modified forms. Depiction of the subjective, judgmental index of intrinsic 
vulnerability by numbers (quantitatively) can reveal about the capability of the hydrogeological parameters of 
DRASTIC method represented by their vulnerability index to be likely presented as logic and reliable vulnerability 
classes correspond to the specific nitrate contamination levels in the study area. 
7.5.1 Mapping of Specific Vulnerability 
As mentioned before, there are basically two types of vulnerability mapping, intrinsic and specific. The intrinsic or 
general vulnerability maps are used to evaluate the natural vulnerability of groundwater without context to a specific 
contaminant. Whereas the specific vulnerability maps (sometimes called land suitability maps) are used to evaluate 
the impact of a particular contaminant (in this study nitrate) on groundwater. A newly developed approach implicitly 
includes characteristics of contaminant and evaluation of its retardation capacity is conducted. The vulnerability 
maps of both types of vulnerability can be well expressed according to Goossens and van Damme (1987), since they 
defined them as maps expressing the degree of risk for contamination of groundwater in the upper aquifer by 
contaminants entering from the surface. 
 
The DRASTIC system subdivides the area into vulnerability classes each of them hold a range of index. However, 
these index are dimensionless, qualitative and driven largely by expert judgment without assertion on characteristics 
of a specific contaminant, its transport behavior and attenuation processes controlling groundwater contamination. 
Furthermore, these overlay and qualitative methods do not include factors appropriate for rating. Therefore, a new 
sophisticated approach of specific vulnerability mapping based on relevant characteristics for nitrate vulnerability 
assessment is developed for the first time in this study. In this section, the inquired characteristics to be used in 
representing the specific nitrate vulnerability are the soil classes (obtained by sieving analysis and hydrometer 
analysis) and time in years required for nitrate to move within 1 m depth to groundwater for each soil sample. This is 
obtained using the ETI Excel Tool (table 6.1). 
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Specific vulnerability of a groundwater system is mostly assessed in terms of the risk of the system exposed to 
contaminant (nitrate) loading. Specific vulnerability of groundwater is assessed using different methods of different 
levels of sophistication. In comparison with the assessment of natural vulnerability, which is based mostly on the 
static intrinsic parameters such as the seven hydrological parameters of DRASTIC, the dynamic and variable 
parameters should be included in groundwater vulnerability as specific vulnerability. The contaminant’s travel time 
in the unsaturated zone as required time to reach groundwater with regard to depth to groundwater (thickness of 
unsaturated zone) is reasonable to be introduced as a characteristic of specific vulnerability (Vrba and Zaporozec, 
1994). Therefore, in this study it is intended to quantify the intrinsic vulnerability index based on the characteristic of 
total required lifetime for nitrate in the source to reach groundwater (Ω) (year) of the soil samples with regard to 
relative values of depth to groundwater (m). 
 
The features considered in mapping of specific vulnerability and plan of quantifying the intrinsic vulnerability are 
simply represented in figure (7.13). Nitrate was selected as the primary (contaminant) control parameter to modify 
the DRASTIC index and then to quantify the standard and modified DRASTIC approaches index. Under natural 
condictions, nitrate is not generally present in groundwater. Usually it infiltrates from the soil surface toward 
groundwater. It can, therefore, be used as an indicator to show whether the intrinsic vulnerability index correctly 
represents the actual nitrate contamination potential in the study area (Awawdeh et al. 2014). To use nitrate in 
mapping the specific vulnerability and quantifying the standard DRASTIC, DRASTIC-Sorb.r. and DRASTIC-
S.Sorb.r approaches index, the following features (maps) are required: 
1. Map of soil media and its classes as product of multiplied rate values by weight value (figure 7.4). 
2. Map of depth to groundwater and its classes as product of multiplied rate values by weight (figure 7.1). 
3. Certain values for depth to groundwater of the studied samples (m) (derived from the map of depth to 
groundwater) which are as the following where S1 to S8 are the eight studied samples:  
                             S2 (17.3)> S5 (9.6)> S3 (9.1)> S1 (8.3)> S6 (8)> S4 (5)> S8 (2.3)> S7 (1.2) 
4. Mean required lifetime for nitrate in the source to reach groundwater (Ω) (year) (table 6.1). 
5. Map of the standard DRASTIC vulnerability index with its classes as product of multiplied rates by weight. 
6. Map of the modified approach DRASTIC-Sorb.r with its classes. 
7. Map of the modified approach DRASTIC-S.Sorb.r with its classes. 
The mean required lifetime for nitrate in the source to reach groundwater (Ω) (year) is divided by the relevant values 
of depth to groundwater (m) to derive additional data layer to create the map of time per depth (map (II) as shown in 
figure 7.13) (figure 7.14). The map (II) (figure 7.14) is then combined with the map of soil classes (figure 7.4) in 
order to create map (III) as shown in figure (7.13) (figure 7.15). As illustrated in figure (7.13), the map of depth to 
groundwater (figure 7.1) is required with map (II) (figure 7.14) as data layers to derive a new additional map of total 
required lifetime for nitrate to reach groundwater (year) with regard to depth to groundwater (map (V) as illustrated 
in figure 7.13) (figure 7.16).  
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Figure 7.13: Features (maps) used for mapping of specific vulnerability and plan of quantifying the intrinsic vulnerability based on created specific maps. 
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Figure 7.14: Map of mean required lifetime for nitrate to reach groundwater divided by depth to groundwater (overturned velocity) (year/m). 
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Figure 7.15: Specific vulnerability map of soil classes overlaid by mean required lifetime for nitrate to reach groundwater divided by depth to groundwater 
(overturned velocity) (year/m). 
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Figure 7.16: Map of total required lifetime for nitrate to reach groundwater (year) with regard to depth to groundwater (m). 
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7.5.2 Quantification of Intrinsic Vulnerability Classes Based on the Specific Attributes Maps and Comparison 
between the Intrinsic and the Specific Vulnerability. 
In spite of the widespread use of the DRASTIC method in many parts of the world, the effectiveness of the method 
has met with mixed success. The conducted comparisons of the intrinsic vulnerability maps with actual data of the 
amount of nitrates in groundwater, Evans and Maidment (1995) referred to four studies analysed in their attempt to 
validate the DRASTIC method; three of them proved marginal correlation between the vulnerability assessed with 
the DRASTIC method and the contamination in groundwater. However, Rupert (2001) remarked that the 
comparisons of those intrinsic vulnerability maps with actual data of water quality have exhibited that the DRASTIC 
method is typically a poor predictor of groundwater contamination. For that reason, it is intended to conduct 
QUANTIFICATION of index of the standard DRASTIC model and the modified approaches of the DRASTIC 
based on the specific vulnerability maps as shown in section (7.5.1). Thereafter, comparison between the results of 
the specific vulnerability classes and the standard and modified DRASTIC index is conducted. The subjective 
numerical features that are addressed for the intrinsic vulnerability index are being then quantified instead of just 
qualitative descriptions.  
By this methodology, a precise approach for quantifying the DRASTIC index based on evaluation the attenuation 
capacity of soil samples by use of the outcomes of the ETI concept is successfully depeveloped. The amounts of 
maximum sorption capacity (Smax) of nitrate (mg) which are experimentally obtained by Diffusion Cell setup are 
assigned as input of the ETI Excel Tool program to determine the required lifetime for nitrate in the source to reach 
groundwater (Ω) (year). The Ω values were determined in the ETI Excel Tool program taking into account the added 
amount of nitrate (Mq(STotal+IqTotal)) (mg/50 year) for 50 years long (table 6.1). Determination of nitrate lifetime 
(travel time) within the unsaturated zone reaching to groundwater with respect to depth to groundwater is an 
important property for this mobile contaminant to assess the attenuation capacity of soil (figure 7.15). The 
attenuation capacity of soil media with respect to nitrate can be exceeded or reduced over time, which results in a 
change of vulnerability of the groundwater system regarding nitrate. In this case, evaluating the attenuation process 
in soil should be conducted with respect to values of depth to groundwater in order to determine the required lifetime 
of nitrate contaminant to reach groundwater. Both of those parameters represented by the lifetime for nitrate to reach 
groundwater and depth to groundwater control the attenuation capacity of soil and the risk of groundwater 
vulnerability to the persistent nitrate contaminant. 
Before representing the outcomes of quantification, an approach to reveal the attenuation capacity of each soil class 
in the study area with respect to lifetime (year) and depth to groundwater (m) is conducted. The values of mean 
required lifetime for nitrate in the source to reach groundwater (Ω) (year) for both types of fertilizers are calculated 
(table 6.1), and then divided by the values of depth to groundwater (m) for the corresponding soil samples in order to 
define the overturned velocity (year/m) as shown in figure (7.14). The data layer of time/depth or as it was called by 
overturned velocity is configured serving extra information for each soil class in the study area as shown in (figure 
7.15). Subsequently, the potential for nitrate contamination for each soil class is defined. Table (7.7) presents the 
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detected soil classes organized in four categories of overturned velocity expressed by time per depth (year/m) and 
their percent of distribution area. 
Table 7.7: Percents of distribution areas of detected soil classes in the study area with respect to time divided by 
depth to groundwater (year/m). 
 
According to the values represented in table (7.7) and what is displayed in figure (7.15), it is obvious that the soil 
class of ‘sandy silt, slight clay’ covers the greatest distribution area of 16.71 % of the study area at the most 
vulnerable category to nitrate contamination with respect to time per depth. In this category, nitrate needs just around 
1 to 5 years to travel within 1 m of unsaturated zone (loamy silt, clayey sand, middle sand and gravel deposits, as 
shown in figure (7.6)) underneath the soil class of ‘sandy silt, slight clay’. Therefore, this category shows a 
description of very fast time due to the short lifetime required for nitrate to reach groundwater. Furthermore, the soil 
class is considered as the highest potential for nitrate contamination because it holds the highest percent of 
distribution area (16.71 %) at the most vulnerable category of (time/depth) (1-5 year/m). In contrast, no area of 
distribution belongs to this soil class and enclosed in the fourth category (16-25) year/m. The behavior of this soil 
class can be attributed to concentration of agricultural practices in its zone due to fertility characteristics with respect 
to the clayey and organic matter content. Subsequently, using the zone of this soil class for agricultural practices is 
accompanied with higher usage of nitrogen fertilizer. Thus nitrate needs less time (lifetime) to travel within the 
unsaturated zone to reach groundwater. In a horizontal view to the total percent of distribution areas in table (7.7), it 
is found that the most vulnerable category of (1-5) year/m to nitrate contamination is the most widespread in the 
study area of 44.52 % distribution area. On the other hand, just around 5.08 % distribution area is occupied by the 
less vulnerable category to nitrate contamination (16-25 year/m) which interprets the high risk of nitrate 
contamination in Schwalmtal/Nettetal. 
As a major attribute involved in assessing the specific groundwater vulnerability, the total time data layer with 
respect to depth to groundwater is particularly considered. This derived data layer is graphically designed as a map 
(figure 7.16) to delineate areas of greatest potential for groundwater contamination on the basis of sorting them as 
areas that need short total time for nitrate to reach groundwater, and areas may need very long time for nitrate to 
Soil class 
Distribution area of soil class (%) with respect to time/depth 
(year/m) 
1-5 year/m 
(very fast) 
5-10 
year/m  
(fast) 
10-16 
year/m 
(moderate) 
16-25 
year/m 
(slow) 
Distribution 
area (%) at soil 
class zone 
Sandy silt, slight clay 16.71 % 11.94 % 0.29 % - 28.94 % 
Silty sand 15.13 % 8.58 % 3.62 % 2.07 % 29.4 % 
Silty sand, slight gravel 12.68 % 19.68 % 6.29 % 3.01 % 41.66 % 
Distribution area in (%) of 
(time/depth) category 
44.52 % 40.2 % 10.2 % 5.08 % 100 % 
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reach groundwater which can be then attributed as areas of lowest potential for groundwater contamination. 
Quantification of the intrinsic vulnerability index is obtained by utilizing the mapping approach of the specific 
vulnerability attribute which is the total time required for nitrate to reach groundwater (year) with regard to depth to 
groundwater. Subsequently, compilation of each intrinsic map of standard DRASTIC, DRASTIC-Sorb.r and 
DRASTIC-S.Sorb.r with the map of total time for nitrate to reach groundwater is conducted (figure 7.13). The 
outcomes of compiling these different spatial maps, in order to quantify the intrinsic vulnerability index, are as 
follows:  
1. Specific vulnerability map of quantifying the standard DRASTIC index based on total required lifetime for 
nitrate to reach groundwater (year), (map of standard DRASTIC index overlaid by total time (year)) (figure 
7.17). This outcome is also illustrated in figure (7.13) under the sign of VII. 
 Quantified standard DRASTIC vulnerability index as total time (year) (tables 7.8 and 7.9). 
 Intersected distribution areas in (%) between the vulnerability classes of standard DRASTIC index 
and the relevant categories of the total time (table 7.9). 
2. Specific vulnerability map of quantifying the modified DRASTIC-Sorb.r index based on total time 
required for nitrate to reach groundwater (year) (map of modified DRASTIC-Sorb.r index overlaid by total 
time (year)) (figure 7.18). This outcome is also illustrated in figure (7.13) under the sign of IX. 
 Quantified modified DRASTIC-Sorb.r vulnerability index as total time (year) (tables 7.8 and 7.10). 
 Intersected distribution areas in (%) between the vulnerability classes of modified DRASTIC-Sorb.r 
index and the relevant categories of the total time (table 7.10). 
3. Specific vulnerability map of quantifying the modified DRASTIC-S.Sorb.r index based on total required 
lifetime for nitrate to reach groundwater (year) (map of modified DRASTIC-S.Sorb.r index overlaid by total 
time (year)), (figure 7.19). This outcome is also illustrated in figure (7.13) under the sign of XI.  
 Quantified modified DRASTIC-S.Sorb.r vulnerability index as total time (year) (tables 7.8 and 7.11). 
 Intersected distribution areas in (%) between the vulnerability classes of modified DRASTIC-S.Sorb.r 
index and the relevant categories of the total time, (table 7.11). 
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Figure 7.17: Specific vulnerability map of quantifying the standard DRASTIC index based on total required lifetime for nitrate to reach groundwater (year) (map 
of standard DRASTIC index overlaid by total required lifetime (year)). 
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Figure 7.18: Specific vulnerability map of quantifying the modified DRASTIC-Sorb.r index based on total time required for nitrate to reach groundwater (year) 
(map of modified DRASTIC-Sorb.r index overlaid by total required lifetime (year)). 
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Figure 7.19: Specific vulnerability map of quantifying the modified DRASTIC-S.Sorb.r index based on total required lifetime for nitrate to reach groundwater 
(year) (map of modified DRASTIC-S.Sorb.r index overlaid by total required lifetime (year)). 
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According to the results displayed in table (7.8), the low vulnerable intrinsic vulnerability class holding the index 
range of (83.9-100) is quantified with respect to total required lifetime for nitrate to reach groundwater as (75-210) 
year which is described as very long time. Furthermore, the moderate, high and very high vulnerable intrinsic 
vulnerability classes of the index ranges of (100-140), (140-180) and (180-205) are also quantified with respect to 
total required lifetime for nitrate to reach groundwater as (35-75), (7-35) and (7-0) years, which are in turn described 
as long, moderate and very short time, respectively. 
Data of standard DRASTIC, modified DRASTIC-Sorb.r and modified DRASTIC-S.Sorb.r displayed in the figures 
(7.8), (7.11) and (7.12) holding dimensionless numbers rely primarily on qualitative compilations and interpretations 
of mapped data. Moreover, one can dispute whether these given index (ratings) are appropriate for describing the real 
level of groundwater vulnerability. On the other hand, the quantification approach performed for the three intrinsic 
vulnerability models, standard DRASTIC, modified DRASTIC-Sorb.r and modified DRASTIC-S.Sorb.r is shown in 
the figures (7.17), (7.18) and (7.19), respectively. The intrinsic vulnerability index is translated by the total required 
lifetime data layer (year) (figure 7.16) to specific vulnerability dimensioned number revealing the real contamination 
potential quantitatively, but not subjectively as expert judgment. Subsequently, each particular polygon assigned a 
specific dimensioned number subjected to experimental verification using a new developed scientific approach. 
Class of 
intrinsic 
vulnerability 
Index of intrinsic vulnerability (dimensionless) 
Category of total 
required lifetime 
(year) 
Standard 
DRASTIC index 
Modified 
DRASTIC-Sorb.r 
index 
Modified 
DRASTIC-
S.Sorb.r index 
Low vulnerable 
class 
84-100 83.9-100 87.9-100 75-210 (very long) 
Moderate 
vulnerable class 
100-140 100-140 100-140 35-75 (long) 
High vulnerable 
class 
140-180 140-180 140-180 7-35 (moderate) 
Very high 
vulnerable class 
180-199 180-198.9 180-205 0-7 (short) 
The lowest intrinsic 
vulnerability index 
The highest intrinsic 
vulnerability index 
Table 7.8: Classes of intrinsic vulnerability and their index which are quantified by the relevant categories      
of total required lifetime (year). 
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Although significant difference in ratings values exists, comparison between the values of intrinsic vulnerability 
index and the values of specific vulnerability index is not reasonable, because the first are sorted as subjective 
features holding no unit (dimensionless) whereas the second are objective and dimensioned. However, the values of 
areas of distribution (%), are determined from compiled data layers to create representative vulnerability maps, 
enabled us to conduct reasonable comparisons. The results displayed in tables (7.9), (7.10) and (7.11) represent the 
percentages of intersected distribution areas between the intrinsic vulnerability classes and the proper specific 
vulnerability classes with respect to the total required lifetime for nitrate to reach groundwater. The following 
combinations between the configured intrinsic and specific vulnerability classes are adopted: 
1. Low vulnerable class          :  compared with the category of very long total required lifetime. 
2. Moderate vulnerable class  :  compared with the category of long total required lifetime. 
3. High vulnerable class         :  compared with the category of moderate total required lifetime. 
4. Very high vulnerable class :  compared with the category of short total required lifetime. 
 
According to the former combinations between the created vulnerability classes, for example the category of very 
long total required lifetime needed for nitrate to reach groundwater is considered to lead to a low intrinsic vulnerable 
class. 
Table 7.9: Vulnerability classes of the standard DRASTIC index (dimensionless) and their relevant categories of tot-
al required lifetime (year), the intersected distribution areas (%) between the vulnerability classes of the standard     
DRASTIC index and the relevant categories of the total required lifetime and the intersected distribution areas (%)  
to the distribution areas (%) of vulnerability classes of the standard DRASTIC index according to table (7.6). 
Vulnerability class 
of standard 
DRASTIC index 
Category of 
the total 
required 
lifetime 
(year) 
Intersected 
distribution area (%) 
between the 
vulnerability class of 
standard DRASTIC 
index and the relevant 
category of the total 
required lifetime 
Intersected distribution 
area (%) to the 
distribution area (%) of 
vulnerability class of 
standard DRASTIC 
index according to table 
(7.6) 
Percent 
difference 
between the 
two types of 
distribution 
area (%) 
 
75-210 (very 
long)  
 
0.12:0.71 142.2 
100-140 
(moderate) 
 
8.62 8.62:19.60 77.8 
140-180 (high) 
7-35 
(moderate) 
35.05 35.05:76.84 74.7 
180-199 (very 
high) 
0-7 (short) 0.17 0.17:2.85 177 
 
As illustrated graphically before, the distribution areas of the intrinsic vulnerability maps (figures 7.8, 7.11 and 7.12) 
and the specific vulnerability maps (maps resulted from compilations of total time data layer (year) (figure 7.16) and 
The rating values for both types of vulnerability; the intrinsic (bold font) and the specific. 
84-100 (low) 
35-75 (long) 
0.12 
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intrinsic vulnerability maps) (figures 7.17, 7.18 and 7.19), are created. The distribution areas (%) of the three 
different approaches of intrinsic vulnerability classes and the intersected distribution areas created from compilations 
the categories of total time data layer (year) with the intrinsic vulnerability classes of standard DRASTIC, modified 
DRASTIC-Sorb.r and modified DRASTIC-S.Sorb.r approaches, are determined in tables (7.9), (7.10) and (7.11), 
respectively.  
Table 7.10: Vulnerability classes of the modified DRASTIC-Sorb.r index (dimensionless) and their relevant 
categories of total required lifetime (year), the intersected distribution areas (%) between the vulnerability classes of 
the modi-fied DRASTIC-Sorb.r index and their relevant categories of the total required lifetime and the intersected 
distribution areas (%) to the distribution areas (%) of vulnerability classes of the modified DRASTIC-Sorb.r index 
according to table (7.6). 
Vulnerability class 
of modified 
DRASTIC-Sorb.r 
index 
Category of 
the total 
required 
lifetime 
(year) 
Intersected 
distribution area (%) 
between the 
vulnerability class of 
modified DRASTIC-
Sorb.r index and the 
relevant category of 
the total required 
lifetime 
Intersected distribution 
area (%) to the 
distribution area (%) of 
vulnerability class of 
modified DRASTIC-
Sorb.r index according to 
table (7.6) 
Percent 
difference 
between the 
two types of 
distribution 
area (%) 
 
75-210 (very 
long) 
 
0.13:0.73 139 
100-140 
(moderate) 
  
11.41:26.16 78.5 
140-180 (high) 
7-35 
(moderate) 
31.93 31.93:70.32 75.1 
180-198.9 (very 
high) 
0-7 (short) 0.17 0.17:2.79 177 
 
For each value of distribution area the intrinsic vulnerability class is compiled with the proper category of total 
required lifetime and the rest of distribution area of the same intrinsic vulnerability class is compiled with the other 
categories of total time. For example in table (7.11), at the low vulnerability class of modified DRASTIC-S.Sorb.r 
index just around 0.11 % is considered as an intersected distribution area that is compiled completely the zone of low 
vulnerable class with the zone of very long total time category. Whereas around 0.47 % of distribution area of low 
vulnerable class, which is equal to 0.58 %, is combined with the other categories of total time; short, moderate and 
high. It is worth to mention that the distribution areas in (%) and the intersected distribution areas as well are always 
calculated by ArcGIS program according the total area of the study area which is approximately 115 km2 (section 
3.1). 
To conduct comparison between the values of intersected distribution areas (%) and the distribution areas (%) 
of the intrinsic vulnerability classes of the three different intrinsic vulnerability approaches (the listed 
information under the column entitled ‘intersected distribution area (%) to the distribution area (%) of  
The rating values for both types of vulnerability; the intrinsic (bold font) and the specific. 
83.9-100 (low) 
35-75 (long) 
0.13 
11.41
3 
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Table 7.11: Vulnerability classes of the modified DRASTIC-S.Sorb.r index (dimensionless) and their relevant categ-
ories of total required lifetime (year), the intersected distribution areas (%) between the vulnerability classes of the 
modified DRASTIC-S.Sorb.r index and their relevant categories of the total required lifetime and the intersected 
distr-ibution areas (%) to the distribution areas (%) of vulnerability classes of the modified DRASTIC-S.Sorb.r index 
according to table (7.6). 
Vulnerability class 
of modified 
DRASTIC-
S.Sorb.r index 
Category of 
the total 
required 
lifetime 
(year) 
Intersected 
distribution area (%) 
between the 
vulnerability class of 
modified DRASTIC-
S.Sorb.r index and the 
relevant category of 
the total required 
lifetime 
Intersected distribution 
area (%) to the 
distribution area (%) of 
vulnerability class of 
modified DRASTIC-
S.Sorb.r index according 
to table (7.6) 
Percent 
difference 
between the 
two types of 
distribution 
area (%) 
  
0.11 0.11:0.58 136.2 
100-140 
(moderate) 
 
4.46 4.46:12.45 94.5 
140-180 (high) 
7-35 
(moderate) 
35.18 35.18:81.27 80 
180-205 (very 
high) 
0-7 (short) 0.4 0.4:5.71 173.8 
 
vulnerability classe of standard DRASTIC, modified DRASTIC-Sorb.r and modified DRASTIC-S.Sorb.r), the 
percent difference between the two types of distribution areas (%) are determined (tables 7.9, 7.10 and 7.11), 
respectively. The values of percent difference are defined according to the equation (7.3) (Bennett and Briggs, 2005). 
                        Percent difference= (|V1-V2|) / ((V1+V2) / 2)) x 100……………………….……………...7.3 
Where:  
Percent difference: The percent difference between values calculated in (%) 
V1: The first value. 
V2: The second value. 
According to the determined results of percent difference, the ranges of values of percent difference between the two 
types of distribution areas; the intersected distribution areas and the distribution areas of standard DRASTIC, 
modified DRASTIC-Sorb.r and modified DRASTIC-S.Sorb.r vulnerability classes, are (74.4-177 %) (table 
7.9), (75.1-177 %) (table 7.10) and (80-94.5%) (table 7.11), respectively. 
It is obvious from the results of conducted comparison between the values of intersected distribution areas (%) 
and the distribution areas (%) of different intrinsic vulnerability classes represented as values of percent 
The rating values for both types of vulnerability; the intrinsic (bold font) and the specific. 
87.9-100 (low) 
75-210 
(very long) 
35-75 (long) 
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difference in (%) that the intrinsic vulnerability index can not alone detect/specify the actual contamination potential 
without compilations with experimental verification of specific vulnerability parameter of contaminat. Therefore, the 
contamiant transport characteristic as the total required lifetime for nitrate to reach groundwater (year) has to be 
considered. It is found that the intrinsic vulnerability index generalizes the nomination of certain zone like zone of 
the low intrinsic vulnerable class due to not assigning this zone with categories of specific characteristic as total time 
categories; short, moderate, long and very long. Therefore, and in accordance to the results represented for example 
in table (7.11), the modified DRASTIC-S.Sorb.r index generalizes the description of high vulnerable class to a 
distribution area of 81.27 % from the study area although solely around 35.18 % (intersected area) of the study area 
is classified as low vulnerable and needs very long time for nitrate to reach groundwater. The percent difference 
value between the two types of distribution areas; 35.18 % and 81.27 %, which equals to 80 % proves the 
overestimation of the intrinsic vulnerability index to the actual contamination potential. The same case corresponds 
to all other percent difference values in tables (7.9), (7.10) and (7.11).  
In accordance to the quantified intrinsic vulnerability index, the total time (year) as a transport characteristic of 
nitrate contaminant is utilized as one of the most common specific vulnerability parameters. Therefore, it can be 
highly confirmed that the newly developed scenario succeeded in converting the dimensionless and subjective 
intrinsic index to objective numbers completely dependent on the results of experimental approach has a scientific 
verification and is not based on expert judgment. The applied scientific approach can be briefly described in the next 
few sentences. The experimental setup ‘Diffusion Cell setup’ was developed and conducted for eight samples 
representing all soil classes in the study area. This is in order to obtain the amounts of maximum sorption capacity 
(Smax) of nitrate (mg) which is needed for the ETI Excel Tool program to determine the required lifetime for nitrate 
in the source to reach groundwater (Ω) (year). Using the ArcGIS program, the data layer of time per depth was 
configured to compile it with the soil media map. The most significant is configuring the data layer of total time 
required for nitrate to reach groundwater (year) in order to compile it with each of the maps of the three intrinsic 
vulnerability approaches for QUANTIFICATION of intrinsic vulnerability index with respect to total required 
lifetime of nitrate to reach groundwater (year). 
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8 Summary and Outlook 
8.1 Summary of Achievements 
This study developed a combined methodology of an experimental setup represented by Diffusion Cell setup and 
simulation and mapping processes. The Diffusion Cell setup is based on the Emission-Transmission-Immission 
(ETI) concept that simulates the contaminant (i.e. nitrate) transport within a soil profile and vadose zone until 
reaching groundwater. Specific attributes such as required lifetime for nitrate to reach groundwater (Ω) were 
determined using ETI Excel Tool program as simulation tool under consideration of the results of the Diffusion 
setup. Then, the data of these attributes were interpolated using ArcGIS software in order to configure the specific 
attributes maps. These can be integrated with the intrinsic vulnerability maps. The specific vulnerability maps 
were configured as a result of compiling/integrating both types of maps. By configuring the specific vulnerability 
maps, the subjective intrinsic vulnerability indices are getting objective. In other words, the intrinsic vulnerability 
classes indices are holding now quantitative indicators enable us to conduct comparison between them and the 
results of other laboratory techniques or field measurements. Normally, the intrinsic vulnerability classes index are 
just described by arbitrary expressions such as low, medium or high by assigning these classes solid numbers as 
indices that are not proportional. Converting the vulnerability indices to quantitative attributes resulted from 
measurements of scientific procedures is the so called QUANTIFICATION of intrinsic vulnerability indices, which 
is the main purpose of this study. 
The main procedures and achievements of this thesis can be summarized as follows: 
 Diffusion Cell setup was conducted based on the ETI concept in order to inspect the sorption behavior of 
nitrate by undisturbed soil samples. The disturbed (used for the performed physical tests except permeability 
test) and undisturbed soil samples were collected from eight sampling locations. The spatial distribution of 
sampling locations was based on the variation of soil classes of the study area. Adjustments inserted to the 
developed setup allow it to be as more sophisticated setup compared with the former Advection Diffusion 
setup (Aljazzar, 2010). The performed adjustments in the new developed setup are such as disinfection of 
the equipments of Diffusion setup by H2O2 (3 % conc.) and dimness the transparent parts in the Diffusion 
setup in order to eliminate microorganisms growth. Furthermore, the second peristaltic pump was installed 
between the Diffusion Cell and the collection cylinders instead of location between the feeding cylinders 
and the Advection Diffusion Cell of Aljazzar (2010). Moreover, proved operation rates were set for the 
peristaltic pumps to be corresponded with their function with the respective setup parts. In the Diffusion 
setup, undisturbed soil sample of measured bulk density and thickness and calculated mass were used 
instead of manual compressed disturbed soil samples in order to ensure similar field conditions. The most 
important adjustment is neglecting the role of advection by exempting the setup from the effect of hydraulic 
head in order to enhance the nitrate sorption property by sandy soil. However, the effect of advection were 
determined by performing soil permeability (saturated hydraulic conductivity) tests using Triaxial Cell test 
and falling head in a standing pipe test in addition to utilizing the results of the Diffusion Cell setup. 
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 The input and output nitrate fluxes were calculated by mass balance analysis in order to determine the 
values of sorbed amounts of nitrate (M(sorb)) in milligram. The values of sorbed amounts of nitrate were 
checked by XACT software. The silty sand sample (S7) has the highest content of organic matter and 
classified as peat, fine humus, which imputes apparently the relatively long time to reach the breakthrough 
point (equilibrium state). The higher is the organic matter content and/or clay content, the more is the soil 
ability to sorb nitrates. In this case, soil needs relatively longer time to reach the breakthrough point. The 
considered range of nitrate concentrations (25-250) mg/L for the Diffusion setup is based on a 
comprehensive reconnaissance of the mean nitrate concentration usually present in the study area of 
Schwalmtal/Nettetal as a result from the applied amounts of mineral and manure fertilizers. Depending on 
the selected concentrations of nitrate (25, 100 and 250 mg/L), the ability of soil sorption increases (the 
corresponding amounts of sorbed nitrate increase) with increasing concentrations of nitrate solution 
according to the sorption isotherm theory. However, the readings of Diffusion Cell experiment did not assert 
that soils of higher sorption need lower time to reach the breakthrough point, although these soils can retard 
more amounts of nitrate. All prepared nitrate concentrations were applied in the Diffusion setup 
respectively, after reaching the same soil sample the equilibrium state at the lower nitrate concentration. The 
ratio of mass of sorbed nitrate to the mass of soil specimen was determined to be utilized in sorption 
isotherm analysis. The results indicate that the silty sand soil sample (S8) has the lowest value of sorption 
capacity for all nitrate concentrations, whereas the silty sand sample (S7) shows the highest sorption 
capacity. This can be attributed to high percentage of silt and organic matter content of S7 soil sample 
compared with other silty sand samples such as S3, S5, S6 and S8.  
 
 The sorption isotherm analyses were prerformed to investigate the sorption behavior of the studied soil 
sample to nitrate. The drawn curves are nonlinear (curvilinear) and are well adapted with high 
correspondence to the Freundlich sorption isotherm model. Moreover, Freundlich sorption isotherm was 
chosen because it is considered as the most general equilibrium isotherm model and can be vastly applied to 
the sorption by soils of various ions and organic compounds and can work with varied concentrations 
between 25 and 250 mg/L. The results of Freundlich sorption isotherm model refer that S7 has the highest rff 
value at concentration 25 mg/L whereas S8 has the lowest one. The same case is also repeated of both 
samples at concentrations 100 and 250 mg/L. It is also observed that the increasing times of Freundlich 
retardation factor is independent from the increasing times of the initial nitrate concentrations (25, 100 and 
250 mg/L). However, it is observed that the increasing times of rff are positively related to the time required 
by the soil specimen to reach the breakthrough point. The time durations required for S7 and S8 at the three 
initial nitrate concentrations to reach the equilibrium state correspond with their rff values, which are the 
highest at S7 and the lowest at S8.  
 
 The value of the maximum sorption capacity (Smax) at any concentration within the concentration range 
(25-250) mg/L resulting from Freundlich sorption isotherm analysis were utilized in ETI Excel Tool 
program. Using the ETI Excel Tool program, the ETI concept is applied in order to assess the forthcoming 
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effect of contaminant transport through the unsaturated zone during a certain time to reach groundwater. 
The program is able to assign the results of the maximum sorption capacity (Smax) in addition to other data 
related to nitrate contamination, such as total content of the mobilized contaminant in the source, initial 
dissolved concentration of nitrate in source, depth to groundwater and thickness of the simulated soil sheet. 
The simulation process using this program can be conducted for a long prediction time of tens of years. By 
iteration process of input and output mass flows of the simulated divided sheets of vadose zone in regard to 
the soil specimen examined by the Diffusion Cell, the obtained results are essentially forecasting the 
required lifetime for nitrate in the source to reach groundwater (Ω) for two approaches; the first one is for 
mineral fertilizer and the second one is for mineral and manure fertilizers. According to the outcomes of the 
program, the groundwater zone corresponding to S4 requires in average about 35.9 years (Ω) until reaching 
nitrate to it, which is considered the highest required lifetime, in addition to that S4 has the highest average 
value of real sorption amount per soil sheet (Rs) which equals to 444.5 mg/sheet. More specifically, the 
unsaturated zone corresponding to S4 has the highest potentiality to hamper nitrate transport to groundwater 
and retard it (the less vulnerable groundwater zone to nitrate). On the other hand, the unsaturated zone in 
regard to S5 and S6 has the highest potentiality to facilitate nitrate permeation to groundwater (the most 
vulnerable groundwater zone to nitrate). They have Ω values of 13.22 and 11.89 year and Rs values of 
170.5 and 164.5 mg/sheet in average of S5 and S6, respectively. Furthermore, the results refer that the 
higher is the infiltration rate (Sr), the lower are the required lifetime for nitrate in the source to reach 
groundwater (Ω) and the real sorption amount per soil sheet (Rs) and the higher is the amount of nitrate 
transported to groundwater Mq (IqTotal). However, no explicit effect is exerted by the thickness of 
unsaturated zone on Ω values. The mathematical tool was configured to forecast the nitrate risk to 
groundwater during 50 prospective hydrological years. 
 
 In the current study, a combined methodology of intrinsic vulnerability maps and specific vulnerability 
maps was performed to quantify the subjective intrinsic vulnerability indices by converting them to 
objective and measurable values. The intrinsic vulnerability maps that describing the degree of 
vulnerability of groundwater to nitrate contaminant as a function of hydrogeological conditions were 
configured. Several hydrogeological parameters were portrayed by a map (standard DRASTIC map) 
representing various homogeneous areas of several DRASTIC groundwater vulnerability classes index. 
These classes scores vary as low (84-100), moderate (100-140), high (140-180) and very high (180-199). 
The high vulnerability class covers around 76.84 % of the study area that is naturally highly vulnerable, 
which could be attributed to low depths to groundwater (1.2 to 9.1 m), low slopes (1.15 and 6 %) and high 
impact of composition of aquifer media of sand and gravel, which in turn leads to increase of the impact of 
hydraulic conductivity. This results in a low capacity to attenuate the nitrate contaminant.  
 
 After mapping of the seven DRASTIC parameters and the final standard DRASTIC model, the impact of 
each of DRASTIC parameters, which create a significant variation on the resulted map of DRASTIC model, 
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were mathematically interpreted by investigating it statistically. The results showed that the highest risk of 
contamination originates essentially from soil media (mean: 7.2) whereas the net recharge and hydraulic 
conductivity impose the lowest risk of aquifer contamination (mean: 5.4). The coefficients of variation (CV) 
indicate that a high contribution to the variation of the DRASTIC vulnerability index is made by the 
hydraulic conductivity (71.2 %). In contrast, the soil media and aquifer media are the least variable 
parameters (38.5 % and 28.8 %, respectively), which imply a smaller contribution to the variation of the 
vulnerability index across the study area. The results of statistical analysis revealed the degree of risk of 
contamination for each of DRASTIC parameters. Thereafter, the sensitivity analyses were also conducted to 
evaluate the relative significance of DRASTIC parameters and their influence on the resultant standard 
DRASTIC map. Furthermore, the sensitivity analyses were carried out to validate and evaluate the 
consistency of the analytical results of the intrinsic vulnerability map, which form a basis for proper 
evaluation. In this study, soil factor of DRASTIC model was modified using values of sorbed ratio 
characteristic. Modification of the soil media parameter in DRASTIC model corresponds with the obtained 
results of map removal sensitivity analysis about the soil media parameter, which is one of the DRASTIC 
parameters that showed a poor correspondence between the sensitivity variation index weight and 
theoretical weight value. This poor relation in addition to inability of DRASTIC model to emphasize the 
contaminant transport behavior to groundwater created a strong motivation to adjust the soil media 
parameter. In the current study two modified DRASTIC approaches were applied in order to improve the 
effectiveness of the standard DRASTIC groundwater vulnerability map. The two approaches are:  
3. Modifying the standard DRASTIC formula by subtracting the sorbed ratio from the standard 
DRASTIC vulnerability indices (DRASTIC-Sorb.r indices). 
 
4. Modifying the rating schemes of soil parameter in DRASTIC model using the sorbed ratio 
(DRASTIC-S.Sorb.r indices). 
 
 New developed vulnerability classes of the two modified DRASTIC approaches maps were created and 
compared with those of standard DRASTIC index. The results showed that the first approach (DRASTIC-
Sorb.r index) could not display a role in changing the standard DRASTIC vulnerability classes. However, 
the second approach (DRASTIC-S.Sorb.r index) affirms the importance of conducting the modification of 
soil media parameter in DRASTIC model using the experimental data of sorbed ratio. This approach has 
succeeded in revealing higher boundaries of the highest and the lowest vulnerability index of the standard 
DRASTIC model. This result proves insufficiency of the standard DRASTIC model alone to assess the 
groundwater vulnerability. The standard DRASTIC index underestimates the risk of groundwater 
vulnerability, i.e. the soaring in the highest and the lowest classes index of the modified DRASTIC-S.Sorb.r 
index (180-205) and (87.9-100), respectively, compared with the other two types. The increasing of the 
lowest and the highest boundaries of vulnerability index of the modified approach DRASTIC-S.Sorb.r is 
imputed to the lower actual capacity of soil to sorb nitrate which is overestimated by the expectation of 
standard DRASTIC index. Therefore, it is justificative to integrate the behavior of specific contaminant 
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(nitrate sorbed ratio) as a part of vulnerability formula in order to achieve more realistic outcomes of 
groundwater vulnerability index. 
 
 The DRASTIC index scores refer to relative zones of vulnerability with a margin of uncertainty, because 
there are no absolute values of the configured vulnerability classes. The vulnerability maps are compiled for 
practical use, therefore, their index should be not misinterpreted and subjective but obvious and directly 
oriented and understood. This could be achieved by creating specific vulnerability maps reveal real 
quantified values of groundwater vulnerability index based on data of experimental approach by a process 
called ‘Quantification’. By creating the specific vulnerability maps, the subjective numerical features as 
qualitative descriptions that are assigned to the intrinsic vulnerability indices could be replaced by 
quantified dimensioned vulnerability indices.  
 
 Therefore, after developing the standard and modified DRASTIC vulnerability maps (intrinsic vulnerability 
maps), the values of Ω were utilized to initiate the map of total required lifetime for nitrate to reach 
groundwater with regard to depth to groundwater. This map represents the key mapped specific 
attribute of nitrate that was used to quantify the intrinsic vulnerability indices. Subsequently, compilation of 
the map of total required lifetime for nitrate to reach groundwater with each of intrinsic maps (standard 
DRASTIC, DRASTIC-Sorb.r and DRASTIC-S.Sorb.r) was conducted. By compilations of these different 
spatial maps, in order for quantification of the intrinsic vulnerability indices, the specific vulnerability map 
of quantifying the standard DRASTIC indices in addition to the specific vulnerability map of quantifying 
the modified DRASTIC-Sorb.r indices and the specific vulnerability map of quantifying the modified 
DRASTIC-S.Sorb.r indices were configured. According to the obtained results, each determined intrinsic 
vulnerability class can be quantified with respect to the required total time for nitrate to reach groundwater 
for example ‘low vulnerable class’ holding the intrinsic vulnerability index of (83.9-100) is quantified as 
(75-210) year which is described as very long time. According to these results, the intrinsic vulnerability 
indices were translated using the data layer of the total required lifetime to specific vulnerability 
dimensioned numbers, measured in year. The new developed dimensioned numbers reveal the real 
contamination potential quantitatively but not qualitatively as expert judgment. Subsequently, each 
particular polygon assigned a specific number of total required lifetime for nitrate to reach groundwater 
subjected to experimental verification using a new developed scientific approach (Diffusion setup).  
 
 Other specific vulnerability attribute was also used for quantifying the groundwater vulnerability index; the 
required lifetime for nitrate in the source to reach groundwater divided per depth to groundwater 
(overturned velocity) measured in (year/m). Thereafter, the spatial data of this attribute was compiled with 
the data layer of soil media to in order to emphasize the effect of various soil classes in groundwater 
vulnerability quantitatively. The results referred that the soil class of ‘sandy silt, slight clay’ covers the 
greatest distribution area of 16.71 % of the study area at the most vulnerable category to nitrate 
contamination with respect to time per depth. In this category, nitrate needs just around 1 to 5 years to travel 
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within 1 m of unsaturated zone (loamy silt, clayey sand, middle gravel and sand composition). Therefore, 
this category was addressed a description of very fast time due to the short lifetime required for nitrate to 
reach groundwater. Furthermore, the soil class with the highest potential to nitrate contamination (most 
vulnerable category of (time/depth) (1-5 year/m)) covers 16.71 % of the study area. This class compared to 
other quantified vulnerability classes shows the highest value of distribution area. 
 
 Although comparison between the intrinsic vulnerability index and the specific vulnerability index is not 
reasonable, because the first one is sorted as subjective features holding no unit (dimensionless) whereas the 
second one is objective, dimensioned and measurable, the determined values of areas of distribution from 
the compiled data layers of both types of indices could be compared. This enabled us to conduct another 
reasonable comparison between the intrinsic and the specific vulnerability indices based on concrete and 
quantified characteristic of area of distribution. 
8.2 Outlook 
The Diffusion Cell setup is proven to be a robust technique for simulating the ETI concept occurs in nature for 
contaminant from non-point sources such as nitrate. Possible further studies and applications using this experimental 
setup can be performed using the following aspects: 
 
 Inspecting the effect of manure fertilizers as the ratio used in the study area. 
 Utilizing the results of ETI Excel Tool program related to the amounts of nitrate reaching to groundwater 
reservoir to evaluate the contamination risk periodically and quantitatively, which implies collecting 
respective data of the hydrogeological formation such as data about the formation type, area, capacity, 
hydraulic conductivity, transmissivity and chemical, biological and physical characteristics. The ETI Excel 
Tool program needs improvements as well to be able for assigning these data. 
 Applying other non-point sources rather than nitrate contaminant such as herbicides, insecticides and salt 
from irrigation practices and acid drainage from abandoned mines in the Diffusion Cell setup to simulate the 
sorbed amount by the soil specimen. 
 Applying other groundwater vulnerability indices such as GLA-method, EPIK and PI-method and compare 
their indices with the DRASTIC vulnerability index. 
 Quantifying the suggested groundwater vulnerability indices based on other specific vulnerability attributes 
derived from the results of experimental work and the ETI Excel Tool program such as the amount of nitrate 
transported to groundwater (Mq(IqTotal)) in (mg) during a certain time for 1 squared meter. 
  
Appendix: Various Taken Photos of the Diffusion Cell Setup for Eight Soil Samples. 
 
191 
 
9 Appendix: Various Taken Photos of the Diffusion Cell Setup for Eight Soil Samples. 
 
Figure 9.1: Complete structure of single Diffusion Cell setup (for illustration purpose). 
 
Figure 9.2: Combined structure of the eight Diffusion Cells setups (actual setup). 
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Figure 9.3: Combined structure of the eight Diffusion Cells setups (lateral profile of the actual setup). 
 
Figure 9.4: Structure of feeding cylinders and reservoirs of the Diffusion setup. 
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Figure 9.5: Connections of the second peristaltic pump with the eight Diffusion Cells and collection cylinders. 
      
Figure 9.6: Collection cylinders, collection reservoirs and nitrate feeding reservoirs; figure (9.6.a) shows collection 
cylinders and collection reservoirs and figure (9.6.b) shows nitrate feeding and nitrate backflow in nitrate feeding 
reservoir.  
9.6.a 9.6.b 
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